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THE SUSPENSION BRIDGE TOWER 
CANTILEVER PROBLEM 


By BLAIR BIRDSALL,! Assoc. M. Am. Soc. C. E. 


SYNOPSIS 

A generalized theory is offered in this paper for the study of the behavior of 
suspension bridge towers under the action of forces in a plane parallel to the 
axis of the bridge.2 Reduced to its essentials, the structure under consideration 
is a vertical cantilever, of variable cross section, with a fixed base. The top 
of the cantilever is free to rotate, and is deflected by means of a horizontal and a 
vertical load. The usual problem is to find the horizontal tower-top force 
required to produce a certain deflection in conjunction with a given vertical 
tower-top load. As soon as the horizontal force has been found, it is a simple 
matter to find any other properties of the deflected tower, such as the elastic 
curve or the stresses. 

The theory for the so-called ‘General Case’’ includes the effect of the weight 
of the tower as a producer of bending moment in the deflected tower, as well 
as the effect of an eccentrically placed tower-top load and eccentric loads at 
the roadway level. (In a mathematical sense, the true general case has not 
been used in the body of this paper, as the emphasis is on practical application. 
Thus, the so-called “General Case’’ presents the tools by means of which the 
true general case may be approached as nearly as necessary to produce what 
the writer considers to be a sufficient degree of accuracy for the most compli- 
cated case ordinarily encountered in practice.) Simplifications of the “Gen- 
eral Case” for many special cases are either given in detail or outlined. 

The results of applying the theory to three tower shafts are used as a 
means of indicating the accuracy of several approximate methods which may 
be used as practical tools for solving this problem if the precision of the mathe- 
matical treatment is not required. 

Re ae eat by A ete snunetinte publication; to insure publication the last 


1 Asst. Chf. Engr., Bridge Dept., John A. Roebling’s Sons Co., Trenton, N. J. 


2'The more detailed study from which this paper was prraree ae been placed on file for reference 
at Engineering Societies Library, 33 West 39th Street, New York, 
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INTRODUCTION 


The mathematical principles underlying the development of this theory are 
not new. In 1882 the late §. W. Robinson,’ M. Am. Soc. C. E., published 
the general solution of the differential equation for bending moment in a beam 
or column caused by combined transverse and axial loads. The method of 
solution for this type of equation (linear differential equation with constant 
coefficients) may be found in any book on differential equations. The salient 
features of the application of the general solution to the problem of flexure 
and direct stress have been summarized by Francis P. Witmer,‘ M. Am. Soc. 
C. E. The applications of the general solution to some of the cases included 
in this paper have been published® in a standard textbook. 

In this paper, the writer has attempted to make a comprehensive presenta- 
tion of the subject, combining the fundamental theory for handling the problem 
under any combination of loads with a description of some practical short- 
cut methods, for the use of both the student and the practicing engineer. 


OUTLINE OF THE PROBLEM AND DEFINITION OF SYMBOLS 


The problem consists of finding the horizontal load required to produce a 
desired deflection at the top of a vertical, fixed-base cantilever which is acted 
Ase Oe Pane? UPON by certain known vertical loads. 

a Points The conditions of the problem are illus- 
: trated by Fig. 1. All loads are expressed 

in pounds, all dimensions in feet, and 
! all moments in pound-feet. Other defi- 
nitions are: 


2 F = desired horizontal tower-top 
load; 

R = known vertical external load 
(cable reaction) on tower top; 

e = eccentricity of R with respect to 
center line of top of tower; 

A = known required deflection of 
tower top; 

0, 1,2--- (7 — 1), r = panel points 
along the center line of tower at which 
there are changes in moment of inertia, 
or known concentrated loads, or both; 

Wo, Wi, --- Wr-1 = parts of tower 
weight assumed to be concentrated at 
Fic. 1.—GENERAL SKETCH OF THE PROBLEM the panel points indicated by the sub- 

scripts ; 

Rs, Rm = reactions on tower at roadway level; 


3“‘Strength of Wrough , 

No. 60, shes Aa Nae Dahle ee Members,” by S. W. Robinson, Van Nostrand Science Series, 
4‘‘Basic Fi i ‘ ” ‘ > 

Dae ser Combined Flexure and Direct Stress,” by Francis P. Witmer, Civil Engineering, 


5 ‘*Modern Framed Structures,” by the late J. B Johnson, C. W 
H 2B: neeWians , 
and F. E. Turneaure, Hon. M. Am. Soc. C. E., Pt. II, 10th Ed’, John Wiles 6 tone ee ss 
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€s, &m = eccentricity of roadway reactions with respect to center line of 
tower at that point; 


%1, 2, *** ty1, &, = known vertical distances from tower top to panel 
points; ] 
Y1, Y2*** Yr—1, Yr = ordinates to panel points from line of action of R; 


Sa = length of panel between panel points a — 1 and a; 

h = total height of tower; 

I, = moment of inertia (in?-ft?) of the tower shaft between panel points 
a—landa; 

E = modulus of elasticity of tower material (pounds per square inch) ; 

M = bending moment; 

A, B, D, and C = constants determined from the loading conditions; and 

Ga, Ka = integration constants for the panel between points a — 1 and a. 


Basic Assumptions.—Six basic assumptions should be kept in mind: 


1. All vertical distances remain constant; 

2. Shear deformation is zero; 

3. The tower base is rigidly fixed; 

4. The tower weight is applied as a series of concentrated vertical loads; 

5. The tower shaft is made up of a series of panels in each of which the 
moment of inertia is constant; and 

6. The moment arm of R does not change due to rotation of the tower top. 


The deflections and deformations are so small in comparison with the 
vertical dimensions that the error introduced by Assumption 1 is negligible. 
The heaviest concrete pier will yield to a certain extent, but the deflecting 
load and tower moments based on Assumption 3 will be on the side of safety. 
In Assumption 4 the concentrations are placed at the points of change in 
moment of inertia. However, the weights can be applied at any points with- 
out affecting the method of solution. The labor of computation would be 
increased, however, as each concentration as well as each change in moment of 
inertia requires an additional pair of integration constants unless they occur 
at the same point. 


The Problem.— 


Given: All external loads except deflecting load F; all physical character- 
istics of the tower shaft; and all dimensions, including the deflection A, 
except the ordinates to the elastic curve. 

To Find: The deflecting load F, the ordinates to the elastic curve, and any 
other desired information, such as the bending moments, the stresses, 
or the tangents to the elastic curve. 


Tur DIFFERENTIAL EQUATION 


From elementary mechanics, the general differential equation for bending 
moment is 


The moment due to the type of loading contemplated in this paper may be 
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expressed as follows: 
M 


= BLO, Sakon RE Chr Ae 2 
a t+AytBetDxe+C (2) 


in which the sign depends on the direction of rotation. The function of 
represents the moment due to transverse loads or any other moment which is 
independent of the ordinate y, and no combination of transverse loads can 
lead to a higher power of x than the second. The product A y represents the 
moment due to axial loads. There will be no higher power of y than the first 
as long as concentrated loads only, and not distributed loads, have moment 
arms that depend on the ordinate y. 

In order to determine the proper signs, assume that the cantilever of Fig. 1 
is rotated 90° in a counterclockwise direction, and place the origin of coordi- 
nates at O’. By the usual convention, it is apparent that the column carries 
negative moment. Any load to the left of a section, which has a counter- 


clockwise direction of rotation about the neutral axis of the section, helps to 


produce the negative moment. 

Thus, since the predominating axial loads have counterclo¢kwise moments 
about sections of the tower to the right of the points of application of these 
loads, the resulting sign of A y must be negative. Since y is positive, however, 
A must be negative, and the term, as it appears in Eq. 2, is —A y. Since z 
is always positive, the same reasoning applies to all other terms, and Eq. 2 


becomes: 
d?y M Y 
a ET —-Ay—-Bu-—-D2—-C..(3) 


It is shown elsewhere’ that, in general, the 
term for the axial loads is negative for loads 
producing compression, and positive for loads 
producing tension, and that the signs of the 
terms for the transverse loads depend on the 
direction of rotation. The general solution of 
Eq. 3 is: 


y= SEEN yp TuLE eR 5% 


A A 
De ne 
Widen. So mattes )o” (4) 


The formal derivation of this solution is 
given in Appendix I of the complete paper. 
Expressions for slope, bending moment, and 
shear may be found in terms of the indepen- 
dent variable x by taking successive derivatives 
of Eq. 4; thus— 


Slope of the elastic curve: 


OY) aan, ts. — Gopa 2D B 
as Fa NA hi reg Bit NA AAAS ee (5) 


—-* 
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bending moment: 


2. 
BISE = E1(Ksinz VA + Geose Va ~ 22) he ae (6) 
shear: 
3 
n1S4 = B1(K VAeose (Abeer CArnin eV3A) oo eee (7) 


THEORY 


The “General” Case; Variable-Moment of Inertia, Eccentricity at Tower Top, 
Tower Weight and Eccentric Roadway Loads Considered.—To simplify the pres- 
entation, a tower shaft having three different values of I is used. The road- 
way loads are placed at a section that lies within the lowest of the three tower 
divisions. The problem is illustrated by Fig. 2. 

For this case, four equations of the following form are obtained from Eas. 3 
and 6: 


2. 
OU = — ney — Bot — Ce = Ke sin ne ® + Gq 008 Ma 2 es are. (8) 


The conditions of the problem yield the following values for the loading 
constants of Eq. 3: With D = 0 in all panels, let A = n?; then, 


oe Wo as 2 =e F 
toe rem yA Sas ee 
R+Wo+ Wi ith Sigh oh 
Sars ec Ae AR ES 
R+Wot Wit Ws s Swed 
A; = Els ane ae Ca 
sg SB ae A ae mee 
3 
..(9) 
Bee Wee 
BI, 
ean Weer Wats 
As Boe 
0 py CCl Lui + We V2 
Te Tals 


and 
Woe + Wi Y1 aa W2 Ye + R, Ys Rs és a Rn Y3 oe reer 
eo ETI 
3 
By Eq. 5, for this case, there are four equations of the following form for 
the slope of the elastic curve: 


Cy ea eit oy Toi, Bah IES ill ae in apl k Se rh Bo (10) 
Na Na 


The eight equations of the form of Eqs. 8 and 10 (one formula for moment 
and one for slope in each panel) contain twelve unknowns, including the eight 
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constants of integration K1, Ko, K3, Ka, @1, G2, @s, and G4; the load F; and the 
ordinates yi, 2, and y3. Force F is included in the B-terms, and the ordinates 
are included in the C-terms, as may be noted in Eqs. 9. They can all be found 
by applying the following known conditions (the number after the dash in the 
last column indicates the value of a for the particular panel in question) : 


iti Appli 
Se cies Statement of condition io Ha: 
I Whenz=0, y=e (8-1) 
Lite Wihen 2—itr1.. ayy (8-1) 
III Whentz=%, y = Y2 (8-2) 
IV Whenz=23, y = ¥3 (8-3) 
V Whenx=h, y=e+A (8-4) 
VI Whenz=h, 5! = (04) 
VII When x = V1, M wo_-1 = M a2) (8-1) and (8-2) 
VIII When « = Ve, Ma-2) = M (2-3) (8-2) and (8-3) 
IX When v= 1X3; M (3-4) = M (2s) i R, Cs + Re Cm (8-8) and (8-4) 
X Whes=a, Yo) = 2-2) (10-1) and (10-2) 
dy dy 
XI When « = 2, ae (1-2) = af (2-3) (10-2) and (10-3) 
XII. When z = 2s, - (2-3) = e (3-4) (10-3) and (10-4) 


(It should be noted that Eq. 8 must be multiplied by the proper E I-values 
in order to obtain the bending moment when applying Conditions VII, VIII, 
and IX.) 

The twelve equations obtained by applying these conditions may be solved 
to obtain the twelve unknowns. 

Special Case I; Variable Moment of Inertia, Eccentricity at Tower Top, 
Tower Weight Considered, but Not Eccentric Roadway Loads.—Use the same 
procedure as for the “‘General”’ Case. Referring to Fig. 1, R, and Rm now dis- 
appear and the problem reduces to that for a tower with three panels. There 
are nine unknowns: The six constants of integration Ki, Ks, Ks, Gi, G2, and Gs; 
the load F; and the ordinates y, and yz. They may all be found by applying 
nine known conditions which are identical with Conditions I to III, V to VIII, 
X, and XI of the “General’’ Case. (In any case that excludes eccentric road- 
way loads, a concentric load placed at the roadway level may be handled as if 
it were a tower weight concentration.) 

Special Case II; Variable Moment of I nertia, Eccentricity at Tower Top, 
Tower Weight and Roadway Loads Not Considered.—Kqs. 9 are now greatly 
modified, inasmuch as R,, Rm, and all values of W disappear. Since the shear 
is now continuous through the panel points, shears instead of slopes may be 
equated at these points. The basic equations then become— 


For moment: 
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for shear: 


gta. Na? 7 — Ba = Ka Ma COS ta & — Ga Na SIN Ng L....... (12) 


The solution is obtained by finding the seven unknowns F, Ka,-Gi, KenGs 
K3, G3. Four equations are obtained by equating moments and shears at the 
panel points. (Eqs. 11 and 12 must be multiplied by the proper F I-value 
to obtain moment and shear.) The other three equations are obtained by 
applying the following known conditions: In Eq. 11, for a = 1, y = e when 
«=0. In Eq. 11, fora = 3,y =e +A whenz =h. In Eq. 12, fora = 8, 
eS jyiiba ="h. 

dx 

Special Case III; Variable Moment of Inertia, No Eccentricity at Tower Top, 
Tower Weight Considered, but Not Eccentric Roadway Loads.—This case is 
identical with Special Case I, except that e = 0. 

Special Case IV; Variable Moment of Inertia, No Eccentricity at Tower Top, 
No Roadway Loads, and Tower Weight Neglected.—This case is identical with 
Special Case II, except that e = 0. In both cases, the labor required may be 
reduced somewhat by following the procedure outlined in a standard textbook.® 
The value of A is removed from the denominator of the first two terms of the 
general solution, Eq. 4, and incorporated in the constants K and G. By follow- 
ing through the development of the problem from this point, it may be seen 
that the resulting simultaneous equations which express equality of moments 
and shears at the panel points do not require the E I coefficients. 

Special Case V; Constant Moment of Inertia, Eccentricity at Tower Top, 
Tower Weight Considered, but No Eccentric Roadway Loads——The equations 
required for solving this case are obtained from those of Special Case I by 
substituting the constant value of I for I, 12, and I3;. Note that this substitu- 
tion must also be made to obtain the values of m1, m2, and n3. (It is obvious 
that the same substitution in the equations for the General Case will take the 
roadway loads into account.) 

Special Case VI; Constant Moment of Inertia, Eccentricity at Tower Top, 
Tower Weight Neglected, No Roadway Loads.—Since the tower consists of only 
~ one panel, the problem reduces to the following two equations— 


Moment: 
w1Sd = —Ry—-Fe=EI(Ksinne + Geosnz) ana (13) 
shear : 
Pe rah EPS ont Raicos ne — Gn Sih nz) eR (14) 
da dx 


In Eq. 13, when « = 0, y =e: 


In Eq. 13, when x = handy =e+A: 
—R(e+A)—Fh=EI (Ksinnh+ Geosnh)......... (16) 
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dy 
In Eq. 14, when x = h and Pers 0: 
—F=EI(Kncosnh —Gnsinnh).............. (17) 


Solving Eqs. 15, 16, and 17 for F: 


_ Rn[e(1 —secnh) +A] 
a4 tannh —nh 


F 


Special Case VII; Constant Moment of Inertia, No Eccentricity at Tower Top, 
Tower Weight Considered, No Eccentric Roadway Loads.—Equations may be 
found for this case by substituting the constant value of J in the equations 
found for Special Case III. 

Special Case VIII; Constant Moment of Inertia, No Eccentricity at Tower 
Top, Tower Weight Neglected, No Roadway Loads.—This case is identical with 
Special Case VI when e = 0. Thus, Eq. 18 becomes :5 

RnA 


F = tannh — nh ree n lewe es eee eee ee eles (19) 


rl 
—— a4 Panel a 
iy TOWER DIAGRAM 
| 
iene) 


| h 
> 
| | 


I-DIAGRAM 


bel 
fb 


he as DIAGRAM 


Fie. 3.—Sprcran Casp IX 


. Special Case IX; Variable Moment of Inertia, Tower Weight Neglected, No 
Roadway Loads, and Rk = 0.—The problem (see Fig. 3) is now reduced to that 
of a simple cantilever of variable cross section. To find the deflection A 


by the moment-area method, find the moment of the HS ~diagram about 


®§ This case is also outli i “ Fi 
BRAN H. Tornoe me fey a ee ot ‘ ee Framed Structures,” by J. B. Johnson, C. W. Bryan, 


» 
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point 0. The moment of the small part of the diagram included in dx, in 


s F ee enw 5 F La 
panel a, is: dM, = FT, ¢) integrating for panel a: M, = FI 42 dx 
oy Va-1 
F ETS Aa ; 
aR I (a) . Summing up for all panels: 


F R ne — Gets } 
a= EM=5> 7 


Special Case IX, Applied to the Condition in Which the Moment of Inertia 
Cannot Be Considered Constant Over Any Part of the Tower Leg—lIf I can be 
expressed as a continuous function of x, the deflection may be found as the 


we, 


oS es y 
rt A 
Xa Panel a—> 


TOWER DIAGRAM 


I-DIAGRAM 
Fray 
Ela Be 
ra 
EE alka M_DIAGRAM 


Fria. 4.—Layour ror Finpinc A WHEN R = 0 ann J Varins as Linnar FuNcTION OF « IN Each PANEL 


moment of the ee aia pram in the following manner: 


18) UE 
h h 
F x? dz F x? dx 
= See MP Ee ON ih 21 
A ap Elz ak if ey 


More often the moment of inertia is not a continuous function of x, but 
can be expressed as a series of linear functions of x. From Fig. 4, the moment 
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of the diagram for panel a is: 


Ta »2 
Ne = if Ft ai hated Cane (22) 
Za-1 
From Fig. 4, the equation of the J-diagram for panel a is: 
ly Tot Glee PS a (23) 
Ci Va-1 La rag Va—-1 


Solving Eq. 23 for J,, substituting in Eq. 22 and integrating: 


ve Le 1 a OY Toca Pent 
Naar A Taceal aaa | 3 (Ta — ®a-1)*® La a—1’) 
—2 SI LE gaol aoa) (fe =F Le) (x5 = RE ke 
Ta 
“(a = Xa-1) Laos te -— La Xe-1), 10k, 7 | oe hess ee (24) 


Summing all segments: 


~ i : 1 1 3 2 2 
Peg Sere Dip pess Ren 4 (ta — La-1) (Ta — Ia_1) 


a 2 Ca La — I; Xo) a re daca) (Xa ae Ross) 


te (tei— %an1) (tesa ts ‘le Fa—1) 7 108s i. | Seis Cree (25) 


Special Case X; Constant Moment of Inertia, R = 0, Tower Weights Neg- 
lected —This is the case of the simple cantilever, in which 


It is interesting to note that this can be obtained as a special application 
of Special Case VIII, in the following manner: Expand the tangent in Eq. 19 


as an infinite series: ,F = ee a8 . Simplify: 
(ae ) —nh 
J “Ey 2E ps) ; but 1? = a . Therefore: 
3 5 
F = ts >, io (27) 
@ (1 espa ) 


Then, when R = 0, Eq. 27 becomes Eq. 26. 
Special Case XI; Constant Moment of Inertia, Eccentricity at Tower Top, 
Tower Weight Neglected, F = 0.—In Eq. 18 of Special Case VI, let F = 0: 


EI SNe 
R= BT soot tt ) si arelieyt's -2)/a) #1 +9 Jeivey ose MSS (28) 
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Special Case XII; Constant Moment of Inertia, No Eccentricity at Tower 
Top, Tower Weight Neglected, No Roadway Loads, F = 0.—In Eq. 28, let e = 0. 


. Tv 
Then, since sec! 0 = 5: 


Thus, in this case, the vertical load R is independent of the deflection A. 
‘This is Euler’s formula for a column with fixed base and top free to move 
laterally. It yields the value of R for which the tower will be in unstable 
equilibrium. If, for any reason, the vertical load becomes slightly eccentric 
with respect to the center line of tower at its base, the tower will bend con- 
tinuously until failure occurs. 

EI x 

For values of R greater than rg Ome 
F is required to hold the tower in equilibrium for any desired deflection. This 
may be verified by inspection of Eq. 19. 


or values of n A greater than . a negative 


GENERAL OBSERVATIONS ON THEORY 


Although not more than two changes in moment of inertia have been used 
in any case, and only four tower panels were used in the so-called ‘‘General 
Case,”’ the same method may be applied for any number of changes in moment 
of inertia, and any number of tower panels. A more complex case simply 
increases the labor required. No matter what the conditions may be, this 
analysis requires two constants of integration for each section of tower in 
which there is no change in moment of inertia and no point at which a load is 
assumed to act. If the concentrated loads along the shaft are considered, the 
ordinate to each load point is another unknown that must be found. The 
remaining unknown is the horizontal tower-top load F. As soon as the setup 
of the problem is known, the number of simultaneous equations required 
may thus be determined by inspection. 

If the effect of wind loads is desired in combination with any or all of 
the other loads, the wind can be considered as a series of concentrated hori- 
zontal loads acting at convenient points along the shaft. This will add to the 
complexity of the function of x in the expression for moment and may or may 
not introduce additional constants of integration, depending on whether or 
not the tower is thereby divided into a larger number of panels. 

Since the lateral bracing of the tower adds somewhat to the effective moment 
of inertia, some designers find it advisable to add from 3% to 5% to the calcu- 
lated moments of inertia of the tower leg to take account of this effect. 

All of the simultaneous equations for solving any case are linear. There- 
fore, it is evident that, for a given value of R, F will be a linear function of A. 
For the same reason, the ordinate to any point on the elastic curve is a linear 
function of A. 

As will be shown in the numerical examples, when R# is plotted against F 
for a given A, the resulting curve is so nearly a straight line that it may be 
considered so for all practical purposes. This approximate linear relationship 
is demonstrated mathematically in the complete unabridged paper.’ 


528 CANTILEVER PROBLEM Papers 


These characteristics are a great aid in determining the flexure curve for 


a tower. Fora given A, which may conveniently be taken as unity, the curve 
of applied vertical load plotted against F may be determined by finding only 
two points. Furthermore, for any given value of vertical load & along the 
curve, the F corresponding to a different A may be found by direct proportion 
if Ris concentric. If R is eccentric, the value of F for various values of A may 
be found by a simple linear relationship only at the points where F has been 
calculated. 
NUMERICAL APPLICATIONS 


The results of a few numerical applications are given herein to support 
some of the foregoing general observations and to indicate the error to be 
expected if certain approximate short cuts are used. The dimensions and 
physical properties of the tower shafts are given in the unabridged paper.” 

Tower A (Height = 188 Ft, One Change in Moment of Inertia, Equivalent I 
= 1,061.7 In.-F#?).—The results for this tower are shown in Fig. 5(a), where 
values of F in terms of A are plotted against values of R. Curve 1 is based on 
Special Case III. 


in Kips 
vs 
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F, in Lb, Divided by 1000 4, for Curves 1 and 4; F, in Kips, for Curve 5 


Fie. 5.—Fiexure Linus 


In finding curve 2, the weight of the tower was neglected. The F-intercept 
was found by using Special Case IX. The other two points were found by 
means of Special Case IV. : 

In finding curve 3, the weight of the tower was neglected and a constant 
moment of inertia was used. Curves that were established by finding more 


crete 
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than two points indicated that, for all practical purposes, F is a linear function 
of R. This is also confirmed by the discussion in Appendix II of the unabridged 
paper.? For these reasons, only two points were found on curve 3. The 
F-intercept was found by using Special Case X, and the R-intercept by using 
Special Case XII. The constant J was found by equating the value of F on 

3HIA 

hs 

an equivalent moment of inertia. 

Tower B (Height = 188 Ft, Two Changes in Moment of Inertia, Equivalent 
I = 1,078.2 In.2-F#)—The results for this tower are shown in Fig. 5(b). 
Curve | is based on Special Case III and curve 2 is based on a weightless tower. 
The F-intercept for curve 2 was found by using Special Case IX. The other 
three points were found by means of Special Case IV. 

Curve 3 is also based on Special Case IV, but the following correction was 
applied to take account of the weight of the tower. For each of two of the 
points found on curve 2, the ordinates to the elastic curve were found at the 
points at which tower-weight loads were applied in finding curve 1. The tower- 
weight loads were then placed at these points. The sum of their moments 
about the center line of tower at the tower base, divided by the total height of 
tower, represents the approximate relief of F as found for curve 2, caused by the 
presence of the tower-weight loads. 

Curve 4 is based on a weightless 20 
tower with constant J. The F-in- 
tercept was found by using, Special 
Case X, and the R-intercept by using 
Special Case XII. The constant 
moment of inertia for this curve was’ < 
found by equating the value of F on _ 
a This 712 
equation was then solved for I to 4 
obtain an equivalent I. a 

Curve 5 is also based on a =x 8 
weightless tower with constant mo- «+ 
ment of a inertia equal to that used ,. © 
for curve 4. In this case, however, 
the vertical load R was given an 
eccentricity of 2 ft at the tower top, 
and all points were found for a tower- 
top deflection of 1 ft. Special Case ; 


curve 2 for R = 0 to This equation was then solved for J to obtain 


curve 2 for R = 0 to 


1 us ine 0 20 40 60 80 100 120 140 
XI was required to find the R-inter. parte Ee GbE (0 
cept, and Special Case VI to find the Fie. 6.—Finxurn Lines ror Towser C 


other points. 

Tower C (Height = 702 Ft, Thirteen Changes in Moment of Inertia, Equiva- 
lent I = 906,740 In2-F#?)—The results for this tower are shown in Fig. 6. 
In this case the ordinates represent values of F for a deflection of lin. Curve 1 
is based on a weightless tower and required the use of Special Cases IV and IX. 
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Curve 2 is also based on Special Case IV, but the following correction was 
applied to take account of the effect of the tower weight. Using the tower 
elastic curve for the point on curve 1 where R = 52,000,000 lb, a reduction in F 
was found by the method used in finding the points of curve 3 for tower B. 
For the point where R = 0, the same numerical reduction in F was used. 

Curve 3 is based on a weightless tower with a constant moment of inertia, 
and required the use of Special Cases VIII, X, and XII. The constant I 


EIA , 
was found by equating the value of F on curve 1 for R = 0 to : ae This 


equation was solved for I to obtain an equivalent moment of inertia. 


Discussion oF NUMERICAL APPLICATIONS 


The results of this numerical work clearly indicate that, as nearly as it 
can be plotted, the horizontal load required to produce a given deflection is a 
linear function of the vertical load. This is confirmed by the discussion in 
Appendix II of the unabridged paper,? wherein the deviation from a straight 
line is discovered algebraically. It appears that for many purposes of design 
and estimate, it would be sufficiently accurate to use the following method of 
obtaining the flexure characteristics of a tower: 

Using Special Case IX, find F for the weightless tower when R = 0. Equate 
EIA 

hs 
equivalent uniform moment of inertia, find the value of R when F = 0 by 
EI 7 

4h? 
Euler’s formula. The line joining these two intercepts is a close approximation 
of the true flexure line for the weightless tower. The worst case arising in the 
foregoing numerical applications occurs for tower C. Curve 3 is found as in 
the foregoing, and curve 1 is the true flexure line for the weightless tower. In 
the vicinity of the dead-load tower-top reaction (52,000,000 lb), there is an error 
in F of 650 Ib in 11,000 lb, or approximately 6%. This can be brought to 
within about 6% of the true value for the weighted tower by the following 
method: Divide the tower into convenient panels. Find the weight of each 
section and apply it at the proper panel point as a concentrated load. Find 
the ordinates to these points on the elastic curve of the weightless tower by 
using Special Case IX, or simply by assuming the tower to take the shape of 
some well-known curve such as the parabola. Find the sum of the moments 
of the weight loads about the center line of the tower at its base. Divide 
this by the total height of the tower and reduce all values of F found on the 
approximate line for the weightless tower by the amount of this quotient. 

Finally, when it is desired to obtain the greatest accuracy which is possible 
without following the rigorous solution for the weighted tower, the following 
method may be used: Depending on whether or not the tower-top reaction is 
eccentric, use Special Cases II and IX, or Special Cases IV and IX, to find two 
points, the F-intercept and one other, on the flexure line for the weightless 
tower. For one of these conditions, find the ordinates to the elastic curve, and 
proceed as before to reduce F by taking moments of the tower weights about 


this value to 3 (Special Case X) and solve for J. Using this as an 


using the formula R = This is from Special Case XII, and is also 


ee 
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the tower base. The accuracy of this method for tower B may be seen by 
comparing curve 3, Fig. 5, which was found by this method, with curve 1, 
found by the exact method. It is doubtful, however, that this approximate 
method saves enough time, in comparison with the exact method, to make it 
worth while. In the exact method it is necessary to find only two points of the 
' flexure line. It is the opinion of the writer that, if the degree of accuracy de- 
sired is such as to require the use of either the latter approximate method or the 
exact method, the exact method may as well be used unless the tower-weight 
concentrations cannot reasonably be placed at the points of change in moment 
of inertia. If they must be placed at intermediate points, additional integra- 
tion constants will be required, and the last approximation described in the 
foregoing would be far less tedious than the rigorous solution. 

All of this reasoning is based on the assumption that the principal objective 
of the solution is the deflecting force F required at the tower top. However, 
if the problem is to be solved in order to review the design of the tower shaft, 
and the principal objectives are the true elastic curve and the stresses in the 
tower sections, it appears to the writer that the only safe procedure is to use 
the rigorous solution. 

In some design or erection problems, it may be desirable to set down a 
series of flexure lines for various values of deflection or eccentricity. The 
general disposition of various sets of curves for a few simplified cases is shown 
in Fig. 7. The following methods of attack are suggested by the arrangement 
of these lines. 


3EI4 
All F-Intercepts = B 
Values of F 
Values of F 
Values of F 


oO 
oO 


(0) Values of R (Equation 28) 9% Values of R (Equation 29) 0 Values of R (Equation 28) 


(a) SPECIAL CASES (b) SPECIAL CASES (c) SPECIAL CASES 
VI, X, AND XI VIII, X, AND XII VI, X, AND XI 


Fic. 7.—ARRANGEMENT OF FLEXURE LINES FOR VARIOUS CASES 


Special Cases VI, X, and XI.—In Fig. 7(a), e > 0 = constant, and each 
curve represents one value of A. The procedure is to find the F-intercept and 
one other value of F in terms of A. Any desired number of lines may then be 
found by applying various values of A to these expressions. 

Special Cases VIII, X, and XII—In Fig. 7(b), e = 0, and each curve 
represents one value of A. The procedure is the same as in Fig. 7(a) to find the 
F-intercept for each line. For the simple case of a constant moment of inertia 
and a weightless tower, the common R-intercept is found by Special Case XII. 
For other cases: Find a point on one line; produce this line from its F-intercept 
through the point just found to the R-axis; and draw all other lines through this 
common f#-intercept. 

Special Cases VI, X, and XI.—In Fig. 7(c), e > 0; A = constant; and each 
curve represents one value of e. The procedure is to find the common F-inter- 
cept and solve for one other point on each line. 
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CONCLUSION 


The relation between horizontal and vertical tower-top loads for any tower- 
top deflection can be found by rigorous mathematical analysis, which includes 
the effects of the following influences: 


(1) An eccentricity of the vertical tower-top load; 

(2) The eccentricity of the weight of the tower (considered as a series of 
concentrated loads) caused by deflection; 

(3) Reactions at the roadway level; and 

(4) Wind loads (considered as a series of concentrated horizontal loads). 


The analyses of this case and of several simpler cases have been developed 
in this paper. Many of the latter have been published elsewhere, but the 
writer feels that there is a definite advantage in having all these cases assembled 
for ready reference. 

It is possible to obtain approximate values which are very close to the 
true values by means of short-cut methods, several of which are described 
herein. 

It is mathematically correct to state that, for any given combination of 
other loads, the horizontal tower-top load is a linear function of the tower-top 
deflection. For all practical purposes, it is correct to state that, for a given 
deflection, the horizontal tower-top load is a linear function of the vertical 
tower-top load. 
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SURFACE RUNOFF. DETERMINATION FROM 
RAINFALL WITHOUT USING 
GOEBGRIGIENTS 


By W. W. HoRNER,? M. AM. Soc. C. E., AND S. W. JENS,? 
ASSOC, .M.sAM<s-:SOcC: C.-B. 


SYNOPSIS 


In hydraulic engineering practice, the relation between rainfall and runoff 
has generally been represented as a ratio or coefficient. It has been recognized 
that the form of this relationship should be “rainfall minus losses equals 
runoff.’ Heretofore the inadequacy of hydrologic data has discouraged 
attempts to evaluate losses as they occur during a storm period. In this 
paper the writers call attention to the recent improvement in hydrologic data 
with respect to precipitation and stream flow, and to the information with 
respect to infiltration that has developed from the research program of the 
U. S. Department of Agriculture; and they outline a method of applying this 
information to the evaluation of surface runoff from precipitation data without 
the use of a coefficient. The method is presented as being generally applicable 
to all drainage basins, and is described in detail as it would be used in urban 
storm drainage. 


PART I—GENERAL PRINCIPLES 


INTRODUCTION 


Fig. 1 shows two patterns of one-day storms, each producing a total pre- 
cipitation of 6 in. On these storm patterns have been indorsed the values of 
infiltration capacity that might prevail in a midwestern drainage basin, under 
average agricultural land use, in midsummer. The two infiltration capacity 
curves are basically the same, but appear differently on the two diagrams as a 
result of the difference in precipitation pattern. 


Norz.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by August 15, 1941. 

1 Cons. Engr.; Prof., Municipal and San. Eng., Dept. of Ciy. Eng., Washington Univ., St. Louis, Mo. 

2 Associate of W. W. Horner & H. Shifrin, Cons. Engr., St. Louis, Mo. 
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The shaded area represents, by hourly mean values, the excess of precipi- 
tation rate over infiltration capacity rate, and therefore the hourly production 
of excess rainfall. With some allowance for interception and depression 
storage, this will become an evaluation of surface runoff, as it is produced. 

The mass values of surface runoff are materially different on the two. 
diagrams. Obviously these two storms on the same area and in the same 
season will produce materially different values of flood flow. Engineers have 
been accustomed to attempt to express the volume of surface runoff from a 
storm of particular duration as a percentage of the total rainfall. Fig. 1 
indicates why no single percentage or coefficient can be highly significant. 
It indicates further why these coefficients might be expected to have a wide 
range of values, even in a single season of the year. 


2.0 
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Precipitation Intensity and Infiltration 
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° 12,0 12 
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The hourly variation in surface runoff production is quite different in the 
two cases; it is readily imaginable that the peak rates of surface runoff which 
these storms would produce in any stream system would be quite different, 
and it would follow that any attempt to express peak or crest runoff rate as a 
percentage or coefficient of the rainfall rate, for some critical time, would 
also result in a wide range of coefficients even in a single season of the year. 


Hyprotoaic Data 


The efforts of the engineering profession to develop, from available data, 
coefficients of runoff, either by volume or rate, have been due largely to the 
fact that, until recently, insufficient hydrologic data have been available to 
justify an attempt at more refined procedure. 

Precipitation information was not formerly collected or published with 
any great consideration for the needs of engineering practice. For large areas 
in the United States, the only rainfall data available have consisted of the 
published records of daily totals. Recording rain gages existed at the first- 


order stations of the U. S. Weather Bureau, but the records were not published 
in detail. 


Crest. Oe 
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Where excess rainfall is to be determined by subtracting infiltration rates 
from precipitation rates, the engineer must know the pattern of precipitation 
occurrence; if he is to utilize hourly rainfall rates, he must do it with an under- 
standing of the manner in which precipitation actually occurs, on the average 
within the hour. The result of the study by Erwin R. Breihan,? Jun. Am. 
Soc. C. E., reproduced as Fig. 2, may be startling to the engineer who has been 
accustomed to using hourly mean rates. Such an engineer will have some 
difficulty in assimilating the idea that, on the average, half of the rainfall 
occurring within an hour actually falls at intensities equal to, or exceeding, 
twice the mean hourly rate. 
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Fic. 2.—RELATION oF PRECIPITATION INTENSITY WITHIN THE Hour, TO Mman Hourty Rats 


The tremendous expansion of both public and private work in the hydraulic 
field, and the corresponding expansion of the engineering practice in this field, 
have produced a continuing pressure for better information, which has finally 
resulted in an extension of the basic data-collection services and installations. 
The expansion of the network of recording rain gages by the Weather Bureau 
and other agencies, and of the stream gaging work of the U. S. Geological 
Survey and of the states, has multiplied hydrologic stations and has resulted 
in a great increase in the number with recording equipment. With the wealth 
of accurate information at hand, it is to be expected that engineering practice 
itself will be reorganized, and that hereafter the design of important hydraulic 
structures should not, and need not, be based on crude over-all general relation- 
ships in the hydrologic field. 


INFILTRATION 


Hydraulic practice has recognized that flood flows represent a less volume 
of water than the related precipitation, because a considerable part of the 


3 Civil Engineering, May, 1940, p. 303. 
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precipitated water infiltrates into the soil. Prior to 1920 there was no appre- 
ciable body of derived data that gave quantitative values of infiltration ‘‘loss’’ 
in detail. 

The research of the Miami Valley Conservancy District, particularly that 
related to the small control plots, revealed the possibilities of securing new 
information and better ideas of rainfall-runoff relationships through studies on 
such small segregated areas. 

Under the inspiration of the Miami example, one of the writers, in 1921, 
arranged for a series of small plot studies on plastic clay soils on the Washington 
University campus at St. Louis,! Mo., and about 1930 conducted similar 
studies on the Texas black soils, at Dallas.®5 As early as 1922, the Forest 
Service of the U. 8. Department of Agriculture installed a awe of control 
plots, and about 1933 extended this type of research installation. In the 
same year the Soil Erosion Service (later the Soil Conservation Service), in 
cooperation with State Agricultural Experiment Stations, began its research 
program on a nation-wide basis, using both plots and small watersheds. 

As to nearly all of these projects, the values of precipitation and runoff 
were originally analyzed in an effort to determine coefficients of runoff, and 
comparatively little progress was made toward a better understanding of 
infiltration characteristics. It remained for Robert E. Horton,® M. Am. Soe. 
C. E., after reviewing the results of some of this earlier research work, to 
make a definite statement with regard to the relation between infiltration and 
these values that appear to control it. At that time, he developed more 
specifically the hypothesis of a limiting infiltration capacity, and defined 
infiltration capacity as “the maximum rate at which the soil, when in a given 
condition, can absorb falling rain.”” Later, Mr. Horton’ presented his initial 
development of.the theory of overland flow as related to surface detention. 
It is interesting that as late as 1935 he assumed that infiltration capacity 
might be satisfactorily approximated as having a constant uniform value 
during the first hour or two of a precipitation period. 

During the four years (1987-1941), the basic information needed for a 
better understanding of infiltration capacity became available out of the 
extended research program of the Department of Agriculture, and values of 
infiltration capacity are derivable as secondary data from possibly as many as 
100,000 controlled experiments. Although a tremendous amount of analytical 
work must yet be done before this mass of secondary data can be produced 
and published so as to cover conditions, reasonably, in the United States, 
it is possible at this time to secure and analyze such parts of this information 
as may be pertinent to a particular problem. 


4 Under agreement between the Engineering Dept. of the City of St. Louis and the Engineering School 
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CHARACTER OF INFILTRATION-CAPACITY CURVES 


Characteristic curves of infiltration capacity, such as have been found to 
be derivable from different types of basic data,* are shown in Fig. 1. Fig. 3(a) 
shows a graph of infiltration capacity under artificially applied precipitation 
on grass, on an old hydraulic fill area near Washington, D. C., one day after 
this plot received a rain of 3.50 in. per hr. Fig. 3(6), similarly, was prepared 
from one of the plots tested at Washington University in 1923. 

Fig. 4 also shows infiltration capacities at Edwardsville, Ill., for the storms 
of March 30, 1938. Antecedent rainfall consisted of 0.66 in. which fell on 
March 28, with a gross duration of 11.75 hr (6.5 hr net). The 49.95-acre 
watershed was a poor pasture with grass and weeds 6 in. to 8 in. high; 61% 
of the soil is Bogota silt loam; surface slopes vary between 0.8% and 30%. 

The efforts of the engineering profession to express the relationship between 
rainfall and surface runoff in terms of coefficients of runoff, involving either 
volumes or rates, have been due to the fact that until recently sufficient 
hydrologic data have not been available to permit visualization of their relation- 
ships in more detail. 

It will be noted that these curves all have characteristically similar shapes, 
the value of infiltration capacity being relatively high in the beginning of 
precipitation, decreasing rapidly as precipitation continues, and tending to 
reach rather definite minimum values, for a particular precipitation period, 
within a time of 2 to 20 hr. The shape of the early segment of these curves 
is particularly important when this information is to be applied to the calcu- 
lation of runoff from small areas under intense precipitation. Where the 
problem involves high intensity storms of several hours’ duration, relatively 
high initial values may not greatly affect the volume of total runoff. Never- 
theless, in the Edwardsville storm of July 17, 1938, the first 8 hr of rainfall, 
amounting to 1.5 in., produced no runoff. 

The production of such characteristic curves as those in Figs. 3 and 4 
represents a long advance over the earlier conception of uniform infiltration 
capacity. Hydrologists are not as yet fully agreed as to the mechanics of 
infiltration that result in the production of high initial values and the steady 

reduction toward a constant minimum, and this matter is being investigated 
intensively. 

The results of research indicate that: (1) Infiltration capacity varies little 
with surface slope; (2) it probably varies materially with soil porosity and 
with soil moisture, possibly with soil moisture deficiency below field capacity ; 
(3) it may change rapidly with an alteration of soil surface condition such as 
may occur under the puddling action of rain impact, or under erosion and 
inworking of fines where the soil is not protected by good vegetal cover; 


8 For methodology see: 
For Plats— recep of Runoff Plat Experiments With Varying Infiltration Capacity,” by 
R. E. Horton, Transactions, Am. Geophysical Union, 1939, p. 693. y 
‘“Sprinkled Plat—Infiltration and Runoff Experiments on Arizona Desert Soils,” by E. 
eg Se R. R. Gaebe, Jun. Am. Soc. C. E., and R. E. Horton, loc. cit., 1940, BY 


OA: Graphical Method of Analysis of Sprinkled-Plot Hydrographs,”’ by A. L. Sharp and 
N. Holtan, loc. cit., p. 558. 
For Small ‘Watersheds— ‘Tnfiltration-Capacity Values Derived from Small Watershed Data— 
As Determined from a Study of an 18*Month Record at Edwardsville, Illinois,” by 
W. W. Horner and C. L. Lloyd, loc. cit., p. 522. 
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(4) it may be quite different for bare cultivated soils as compared with grass 
or other good vegetal cover; and (5) for bare soils it may vary with precipitation 
intensity, but under good vegetal cover it is relatively independent of intensity. 

Much is yet to be learned from continuing research in this field, but it is 
important to engineering practice that characteristic values are becoming 
available which may be applied as representative of soil and cover conditions 
encountered in particular problems. 


RELATION OF PRECIPITATION RATE, INFILTRATION-CAPACITY RATE, 
AND Excess RAINFALL 


Infiltration capacity is defined as “the maximum rate at which the soil, 
in a given condition, can absorb falling rain.” Consequently, when infiltration- 
capacity values are applied to a precipitation-intensity diagram, the rate of 
infiltration is apparent at once. Referring to Fig. 4, it will be noted that 
between certain time periods, the rate of precipitation is less than the infiltration 
capacity. Consequently, for those periods, infiltration is limited by the 
precipitation rate. All the precipitation is infiltrated and no excess rainfall is 
produced. During certain other time periods where the rate of rainfall exceeds 
infiltration capacity, infiltration is limited to the capacity rate, and excess 
rainfall or supply is produced in amounts equal to the difference between 
precipitation rate and infiltration capacity. 

When infiltration-capacity curves applicable to the soil and cover in a 
drainage basin are applied to precipitation-intensity diagrams, either for an 
actual storm or for a design storm, it is entirely practicable to compute for 
time increments, throughout the storm period, the rate of production of excess 
rainfall; or, in equivalent terms, to determine the rate at which excess rainfall 
will occur. This process removes entirely that phase of the old coefficient of 
runoff that was related to actual loss. For complete engineering application, 
this must be followed by supplementary technique through which the diagram 
indicating the rate of production of excess rainfall may be transformed into an 
actual flood flow hydrograph, through an application of the unit hydrograph, 
pluviograph, or channel storage methods. ; : 

Infiltration has ceased to be a vague phenomenon; it has been shown to 
have quantitative rate values with respect to any particular soil and cover 
condition ; the manner in which these values change during a period of precipi- 
tation is determinable; therefore, infiltration expressed in terms of infiltration 
capacity may now be introduced into engineering practice. 


APPLICATION TO HYDRAULIC ENGINEERING 


During the ten years, 1931-1940, engineer-hydrologists have been working 
to develop a strictly rational method of approaching the rainfall-runoff relation- 
ship that can be based on sound theory throughout. This work has had to be 
conducted, until quite recently, with relatively meager data with which to 
test it. Much of the credit for the present development must be given to 
Mr. Horton, and probably the publication most nearly classic to the course 
of this development is his privately published Bulletin 101.7 However, his 
work has been extensively complemented, criticized, and refined by others. 
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The results of research in this field have been presented in publications of 
the Department of Agriculture, or cooperating State Experiment Stations, of 
the U. S. Geological Survey, and in the Transactions of the American Geo- 
physical Union, Section of Hydrology. A reading of selected papers from the 
latter for the period 1934 to 1940 gives an adequate perspective of the investi- 
gational work that has been done. As yet there has been no presentation to 
engineering practice of a definite technique through which the new principles 
and newly derived data may be applied to the evaluation of surface runoff 
under specific conditions. 

The writers have recently had the opportunity to study and develop a 
methodology for such an application, first for small areas, conventional in 
character, at the Washington (D. C.) National Airport, and second for a 
natural drainage basin of about 800 sq miles. Out of the first experience 
there has been evolved a methodology presented in this paper as applicable 
to the determination of surface runoff from urban areas. Out of the second 
experience has come a clearer concept of a satisfactory procedure for large 
natural drainage basins. 

The essential stages involved in this procedure are as follows: 


I—Delineation of the precipitation pattern from which surface runoff is to 
be evaluated ; 
II—Choice of basic curve of infiltration capacity ; 
IJJ—Adjustment of infiltration capacity values to antecedent conditions and 
precipitation pattern ; 
IV—Determination of the rate of production of excess rainfall; 
V—Interception, depression storage, and infiltration out of surface detention; 
and 
VI—Translation of mass surface runoff to hydrograph form. 


I—Delineation of the Precipitation Pattern from Which Surface Runoff Is 
To Be Evaluated.—This pattern may be set up either in the form of a rainfall 
intensity diagram or of the mass curve. In the latter form the relations of 
precipitation and infiltration capacity are not so readily visible from hour to 
hour. ‘The writers much prefer to show precipitation as an intensity diagram. 

For small drainage areas it is essential that this diagram be closely representa- 
tive of the rainfall intensity as it actually occurs. In the illustration in Part II, 
a time unit of 10 min has been used and this appears to be sufficiently refined 
and generally satisfactory. For such small areas, retention and infiltration, 
out of surface detention reached significant amounts and must be evaluated 
separately. 

For large natural drainage basins, the appropriate time unit will depend 
somewhat on the character of the available rainfall data. For such large areas 
precipitation pattern should be set up at normal Thiessen centers. At the 
points usually chosen for such centers generally only daily rainfall amounts are 
available, although often with observers’ notes as to the beginning and end of 
heavy precipitation. It is necessary to transform this information into the 
most probable intensity pattern, and this must be done through comparison 
with the nearest available recording gage records. Obviously, if there are no 
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records of hourly rainfall available within a reasonable distance from such 
Thiessen centers, it would be useless to attempt preparation of a detailed 
pattern of precipitation intensity at those points, and time units as great as 3 
to 6 hr may be the smallest that are justified. Where the data permit, however, 
the pattern should be set up in at least hourly amounts. 

II—Choice of Basic Curve of Infiltration Capacity—Information with 
respect to land use is now quite readily available for most parts of the United 
States in the form of aerial photographs. Using such photographic informa- 
tion, the percentage of the land under any particular type of vegetal cover, 
such as cultivated land, pasture land, woodland, etc., may. be readily determined 
for any drainage basin or any part of such area. Soils maps are also available 
for a large part of the United States. Using both types of information, it is 
not a difficult matter, by well-devised sampling, to take an inventory of land 
use and soil for a complete drainage basin of considerable size. From the 
results of the research programs, basic infiltration capacity curves may be 
selected that will be satisfactorily representative of any particular combination 
of soil and cover under specific seasonal conditions. 

III—Adjustment of Injfiltration-Capacity Values to Antecedent Conditions 
and Precipitation Pattern.—Although, for any soil, cover, and seasonal condition 
the graph representing the march of infiltration-capacity values appears to 
have a quite definite form under continuous excess rainfall, nevertheless, the 
appearance of these values during a particular precipitation period will vary 
with the following: 


(a) The initial soil moisture and soil condition will vary from storm to 
storm, and a wide variation of initial values of infiltration capacity may be 
expected. For very dry, open, or cracked condition of the soil, the initial 
values may exceed 4 in. per hr; for wet or plastic soils, it may be as low as 0.2 in. 
to 0.3 in. per hr. The writers have found that for any one soil these values 
are responsive to antecedent precipitation, and show a fair correlation with 
antecedent infiltration when expressed in amount and elapsed time since 
occurrence. A study of a number of infiltration capacity curves produced 
under different antecedent conditions makes possible a reasonable choice of 
the initial value to be used. j 

(b) Referring to Fig. 3 it will be noted that, except for the first ten min- 
utes, precipitation exceeded infiltration capacity. The graphs of infiltration 
capacity are typical of those derived from infiltrometer test runs and are 
representative of the march of values, throughout time, in which infiltration 
is continually occurring at capacity rates. Very nearly the same curves occur 
under natural precipitation during compact storms starting at high intensity 
such as the first storm shown in Fig. 4. For storms in which the precipitation 
rate in the early part is less than the infiltration-capacity rate, the same values 


of infiltration capacity will occur, but at some later time in the course of 
the storm. 


To permit a satisfactory relation of infiltration-capacity values to precipi- 
tation rates for any particular storm pattern requires a knowledge not only of 


———— 


April, 1941 RUNOFF DETERMINATIONS 543 


the normal capacity curve such as that in Fig. 3(a), but also as to where, in 
time, these values will appear under intermittent or varying precipitation. 
The required adjustment can be made from an examination of a good series 
of such curves derived from small watershed data under widely different rain 
patterns; or it may be approximated from infiltrometer tests designed for that 
purpose. For the latter tests, precipitation would not be applied continuously 
at excess rates; the tests would include several series having intervals at lower 
rates and also varied intervals during which no precipitation is applied. 

For light open soils, the writers have found that an approximate adjustment 
of infiltration capacity rates to the time of occurrence may be made on the 
basis of mass infiltration as illustrated in Part II (see heading “Infiltration 
Capacity”). For soils of high clay content where the decrease in infiltration 
capacity rate is not so directly responsive to soil moisture change (but may be 
due in part to change in soil structure such as that resulting from colloidal 
swell) a different type of adjustment may be required. 

The type of adjustment, both as to initial and continuing infiltration 
capacities suggested previously, is at this time the most difficult phase of the 
application of the proposed methodology. With the present knowledge of the 
mechanics of infiltration there is no definite rule that can be formulated in 
allocating these values. They must be applied to each storm pattern on 
something of a case system in which the judgment is guided by what actually 
happened under conditions for which infiltration-capacity curves have been 
derived. In addition to study of small watershed data, the guide to judgment 
can also be obtained from a well-devised series of infiltrometer tests. 

For large drainage basins and long storms a considerable error in the choice 
of initial values of infiltration capacity will have little significance. For 
small areas, as illustrated in Part II, this item may be of major importance. 
This stage of the procedure requires a thorough knowledge of infiltration- 
capacity values for the soils and covers involved, and a complete study of all 
available data is a pre-essential to the undertaking of an evaluation of surface 
runoff. 

The procedure outlined is usable at this time for any project in which the 
probable expenditures involved appear to justify an extended engineering 
analysis. Under these conditions it can be applied with a much greater 
assurance of accuracy, and with the use of much lower factors of safety than 
one involving a choice of a coefficient of runoff. Undoubtedly out of the 
continuing research programs, and out of the experience resulting from appli- 
cations to large drainage basins, information will develop that may be expected 
to simplify and clarify this type of adjustment greatly. In that the method 
attempts to recognize the more important controlling variables and to allocate 
logical values to them, it will probably never be possible to reduce it to a 
simple routine. 

1V—Determination of Rate of Production of Excess Rainfall—With the 
precipitation diagram and the infiltration capacity values adjusted as outlined, 
a determination of the rate of production of excess rainfall is purely a matter 
of the subtraction of coincident values for each of the time units utilized. 
These values represent the gross quantity of excess rainfall produced at the 


544 RUNOFF DETERMINATIONS Papers 


ground surface during each time unit. They are subject to some further 
modification as outlined in Section V. 

V—Interception, Depression Storage, and Infiltration Out of Surface Deten- 
tion.—Surface detention is the term now generally applied to water in transit 
on the ground surface. In its broadest use it includes also depression storage— 
that is, water required to fill depressions in the ground surface below their 
overflow levels. Expressed in another way, it is the depth of water that must 
exist on the ground surface to permit flow over the surface, toward the stream 
margin, inlet or other approach to the main drainage system. It is not in- 
tended to cover water actually in stream channels of appreciable size. 

The effect of surface detention has long been recognized in the discussion 
of engineering practice, but has generally been assumed to be so highly variable 
and so intangible in its dimensional aspects that it was not capable of direct 
engineering evaluation. It remained again for Mr. Horton to develop, spe- 
cifically, the hydraulics of overland flow, and to illustrate it with the meager 
data which he found available in 1935.7 An evaluation of surface detention 
has now been found to be of extraordinary engineering importance in studies 
of rainfall-runoff relationships from small areas. As shown in detail in Part II, 
it is fundamental that at the end of a period of excess rainfall a part of the 
“supply” will be in the form of a layer of water in transit over the surface. 
So long as this persists on any part of the surface, infiltration will occur out 
of it at capacity rate, and the surface runoff will be less than the supply by 
the volume so extracted. The depth of surface detention will vary with slope, 
character of surface and cover, and with the rate of production of supply. 
For surfaces such as pasture or forest litter on flat slopes at the end of periods 
of high excess rainfall, surface detention will be very great; the time required 
to dispose of it will be considerable, and the abstraction through infiltration 
a significant quantity. For smooth surfaces, steep slopes, and small rates of 
excess rainfall, the quantity may be negligible. 

The term “retention” is used herein to define that part of the supply which 
is abstracted permanently during the period of excess rainfall. It includes 
interception and depression storage. Its requirement must be satisfied out 
of the early precipitation; interception out of the first period of precipitation; 
and depression storage out of the first period of excess. The water quantities 
so abstracted will remain on the foliage or in depression storage at the end of 
the period. 

For smooth, cultivated land, the value of retention appears to be on the 
order of 0.05 to 0.10. For contour cultivation it is considerably greater under 
good management. For good pasture it may be as high as 0. 2, and for good 
forest litter up to 0.38. Abstractions in such amounts will occur during the 
early part of the storm. These quantities will be removed by evaporation and 
infiltration after the end of precipitation, or as to depression storage, after the 
end of excess rainfall. In large storms, if there are several hours of little or 
no precipitation, retention may be wholly or partly disposed of, and the 
requirements must again be filled during the subsequent part of the storm. 
In one long storm studied for a forested area, it appeared that retention actually 
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exceeded one inch of rainfall. For compact storms, except where the cover is 
good grass or forest litter, the values of retention may be negligible. 

In the procedure outlined herein, the foregoing factors should be recognized 
and applied in the following manner: 

Characteristic values of interception and of depression storage may be 
determined from an analysis of the small watershed hydrographs. After 
excess rainfall has been computed for each time unit, values of interception 
and depression storage should be deducted from such excess in the time units 
where either interception or the filling of depression storage may obviously 
occur. 

For small drainage areas where the infiltration pattern is set up in 10-min 
units and where it reflects precipitation intensity accurately, an allowance for 
infiltration out of surface detention must be determined in the manner illus- 
trated in Part II. For large drainage basins where precipitation is set up in 
hourly mean values, and where no recognition is given to the rates which may 
occur within the hour, the resulting net rainfall computed will probably be less 
than the true value. Under these conditions, infiltration out of surface deten- 
tion may be neglected and the two errors will be considered as compensating. 

VI—Translation of Mass Surface Runoff to Hydrograph Form—The final 
stage of this application involves the translation of the excess rainfall diagram 
into stream flow, generally through unit hydrographs of excess rainfall, or 
through surface detention and channel storage computations. It is assumed 
herein that, for most basins, net excess rainfall produced on the land represents 
surface runoff, and that this in general will be substantially equivalent to 
stream flow volume for a storm period and related rise of the hydrograph. 
A reduction will occur between surface runoff and stream flow where a part of 
the runoff is lost as seepage into stream bed or bank or on flood plains. An 
increase will occur where a part of the infiltered water returns to the stream 
system, during the rise of the hydrograph. There are exceptional conditions, 
as for some basins, where the return flow through the ground is so rapid as to 
constitute a considerable part of the flood flow. For such basins, infiltration 
capacity may be used to evaluate the hydrograph of surface runoff, and a 
separate procedure is developed to determine the hydrograph of ground water 
return flow. For many basins the latter is an insignificant part of the flood 
hydrograph and may be neglected. 


PART II—APPLICATION OF DESIGN METHODS 
INTRODUCTION 
It is intended in this part of the paper to accomplish two objectives: 


(a) To permit a better visualization of the various factors and processes 
discussed in Part I by actually applying them to a small restricted area of 
conventional type, such as a developed city block; and 

(b) To show the character of the runoff that will occur from such a con- 
ventional area, since the hydrograph will differ because of differences in certain 
controlling variables. After producing the actual synthetic hydrograph for 
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TABLE 1.—Trisutary AREAS 


Curves (Sep Fries. 5 anp 14) 


No. Description 
I II Ill IV Vv Total 
1 Tributary area, in acres...... 1.3509 0.1222 2.4325 0.1223 1.3509 5.3788 
. Percentage of Area: 
%e RET VIOUB sett enoloisisieiciserstehs 38.9 18.9 (BHD 18.9 38.9 53.6 
3 Tmpervious,)<' so secc on 61.1 ‘81.1 24.5 81.1 61.1 46.4 


each combination of conditions, it is proposed to discuss the relation of the 
peak flow to the mean rainfall in terms of the accepted definition of the coeffi- 
cient of runoff. 


For the purpose of this demonstration, three precipitation periods have 
been chosen, having respective durations of 20, 40, and 60 min. The mean 
intensity for each of these durations is that taken from the rainfall curve 
shown in Fig. 5(a), which is substantially a 5-yr rainfall curve for St. Louis 
(see Table 1 for inlet areas corresponding to curves I to V). In the ordinary 
application of the rational method, precipitation intensity for specific duration 
periods is customarily considered as if it were uniform for the period. This 
is a condition that practically never occurs in nature. The probable occurrence 
of intensities for parts of the duration period has been investigated (see Fig. 2). 
For the purpose of this demonstration, the mean intensity for each period has 
been broken up into probable intensities and durations in approximate accord 
with the results of the analysis by Mr. Breihan.’ For the 60-min precipitation 
period, these sub-intensities and duration units are shown on each of the 
diagrams, Figs. 5(6), 5(c), and 5(d). Mr. Breihan’s investigation did not 
extend to the order in which these sub-intensity blocks might be expected to 
appear, and no other good investigation of this kind has been reported. The 
nearest approach to such a study is that described by D. I. Blumenstock,?® 
but this relates only to variations in mean intensity, from hour to hour, within 
storms of considerable duration. 

Experience has shown that each of the intensity patterns shown in Figs. 
5(b), 5(c), and 5(d) may be expected to occur at some time, pattern 5(b) being 
the most common. The three patterns shown have been chosen arbitrarily 
for the purpose of this investigation and are referred to hereafter as the “ad- 
vanced,” “intermediate,” and “delayed” patterns. 

Mr. Breihan’s investigations did not extend to a similar variation of 
intensities within precipitation periods of less than one hour. For the purpose 
of this investigation, the variations during the periods of 40 min and 20 min 
have been proportioned in a manner similar to that which was found for the 
one-hour period (see Figs. 6 and 7). 


PuysicaAL CHARACTERISTICS OF THE AREA TO WHICH RAINFALL IS APPLIED 


For the purpose of this investigation, Fig. 8 shows a conventional city block 
bisected by a paved alley. There are twelve 50-ft lots on each street frontage. 
The actual areas devoted to roofs, sidewalks, driveways, street and alley 


® Technical Bulletin No. 698, U. S. Dept. of Agriculture. 
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pavements, and lawns are shown in detail in Fig. 8(b) and Table 2. The 
general conditions correspond rather closely to one of the city blocks heretofore 
gaged in St. Louis. Not only is the percentage of the area of each of these 
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classes important (see Table 2), but the position of the area within the block 
significantly affects the character of its runoff hydrograph. Equally important 
are the surface slopes of each component part of the area. Figs. 5, 6, and 7 
are based on overland flow slopes of 1% and alley gutter slopes of 0.5%. 
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TABLE 2.—Arnras TrispuTary to INLETS SHOWN IN Fic. 8 
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No. Description Fig. 8(b) 
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It is assumed herein that the sewers to be designed are separate storm 
sewers, that there is no storm sewer abutting the lot frontage, and that therefore 
all drainage is routed through either the street gutters or the alley pavement. 
Roof drainage is presumed to be collected in house gutter systems and carried 
through downspouts and short sewers to outlets through the curbing into the 
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gutter. In this respect the conditions are different from those heretofore 
described for the St. Louis blocks gaged, where the sewers were of the combined 
type, and the roof drainage was connected directly to the sewers. 

Routing roof water through the street gutters will increase, slightly, the 
time of its arrival at the collecting point manhole (manhole A, Fig. 8(a)) and 
give a slightly delayed runoff peak for the city block as a whole. 


INFILTRATION CAPACITY 


Fig. 5(a) shows a curve of infiltration capacities throughout the precipitation 
period. This curve is not intended to represent a specific condition accurately, 
but follows somewhat the curve of infiltration capacity under 2-in. rainfall 
rates, as computed from the small plots tested at Washington University in 
1923 (see Fig. 3(6)). It may be characterized as representing, rather closely, 
the march of infiltration capacities that would exist for a turfed area; a soil 
condition consisting of about 4 in. of loam underlain with yellow clay, and a 
moisture condition that would exist in St. Louis during a midsummer period 
in which heavy rains occurred about twice a month, the last one approximately 
two weeks in advance of the conditions that this curve represents. 

As far as is known, no sprinkling plot experiments have been made on 
well-developed city lawn grass. The nearest approach to such a situation, 
other than the Washington University tests, is in the runs made on the Ana- 
costia Parkway, for which one graph has been shown (Fig. 3(a)). For that 
area, however, the soil is a plastic mud fill and not comparable to the ones 
referred to herein. j 

A preliminary study of rainfall-runoff relationships reported in 1934!° 
indicates that both infiltration capacity and retention characteristics are higher 
for such lawns than for the sprinkling plots otherwise reported. This is 
undoubtedly due to the fact that such lawns are frequently mowed, are undis- 
turbed by cultivation, and that it is possible, therefore, for extensive porosity 
to develop because of dead root growth and absence of compaction. Retention 
values are also increased because of the mat of grass-cutting litter that accumu- 
lates at the ground surface, and infiltration opportunity is extended for the 
same reason. 

The calculations herein will involve somewhat lower infiltration capacities 
than may be expected under the same summer conditions on the city lawns, 
and somewhat less retention than will exist on such lawns; and therefore the 
resulting rates of runoff will be higher than would be expected for such condi- 
tions. This fact, however, does not affect the validity of the calculations with 
respect to the assumptions on which they are based. 

In Fig. 5(a), the infiltration-capacity curve is shown in the position it 
would have held had it been actually derived from such a plot under a uniform 
2-in. rainfall rate. For application to the precipitation patterns shown in 
Figs. 5(b), 5(c), and 5(d), the position of the curve has been adjusted slightly. 
For the purpose of this adjustment, it was assumed, the initial condition being 


10‘‘Relation Between Rainfall and Run-Off from Small Urban Areas,”’ by W. W. Horner and F. L. 
Flynt, Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 140 (first published in Proceedings, Am. Soc. C. E., 


1 
October, 1934). 
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the same for each diagram, the infiltration capacity would arrive at any specific 
rate when the mass infiltration was the same as that which preceded the 
occurrence of such a rate in Fig. 5(a). Specifically, in the adjusted positions, 
the 2-in. infiltration-capacity rate is so placed in time that the mass infiltration 
occurring prior to that time will be the same for each of the diagrams; and a 
similar adjustment was made with respect to other critical rate points on 
the curve. 

For the rates of 40 min and 20 min duration (Figs. 6 and 7) the infiltration 
capacity was adjusted in a similar manner. It is recognized that present 
knowledge of the mechanics of infiltration is not such as to validate this 
adjustment procedure fully, but a study of the St. Louis infiltration-capacity 
curves appears to indicate that for any initial condition, the march of infiltra- 
tion-capacity rates is closely correlated with mass infiltration. There is good 
evidence of a similar correlation at the Edwardsville station of the Soil Con- 
servation Service. 


PRECIPITATION, INFILTRATION Capacity, AND NET RAINFALL 


The elemental surfaces shown on the city block fall into either the pervious 
or impervious class. The position, size of these surfaces, and the direction 
and length of overland flow are shown subsequently in Figs. 10(b) and 11(0). 

For simplicity, it is assumed for the impervious surfaces that there is no 
permanent retention and no infiltration, although in an actual case a very 
small amount of each may exist. Therefore, net rainfall is equal to the pre- 
cipitation, and the rate of production of net rainfall or “supply” (hereafter 
given a symbol a) is represented by a precipitation intensity diagram. 

For the pervious surfaces, it is assumed in all cases that the permanent 
retention is 0.1 in. It appears to be reasonably representative of the turfed 
areas that have been studied under sprinkling plot experiments. One half of 
this retention, or 0.05 in., is assumed to be of the character of interception, 
and is taken out of the first 0.05 in. of rainfall that occurs. The other 0.05 in. 
is treated as depression storage and is taken out as the first 0.05 in. of net 
rainfall after infiltration capacity drops below the precipitation rate. As 
stated, these values are undoubtedly somewhat lower than will actually exist 
on well-developed city lawns. 

With this allowance for retention, the rate of production of net rainfall or 
“supply” is determined by subtracting the infiltration capacity rates from the 
precipitation intensity rates, and the result is shown in Figs. 5, 6, and 7; and, 
as so shown, represents the diagram of net rainfall or rate of production of 
surface runoff for the pervious area. 

These two “supply” diagrams (that is, the precipitation intensity diagram 
as to impervious surfaces and the net rainfall diagram as to pervious surfaces) 
determine the mass values of surface runoff that are thereafter unchanged 
(except for a small amount of infiltration during the recession period), and 
appear in the same values under the varying rate diagrams for overland flow 
for each particular surface, for inflow into the street and alley gutters and 


for the final runoff hydrograph for the city block as a whole, at manhole A 
(Fig. 8(a)). 
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OVERLAND FLow AND SuRFACE DETENTION 


The characteristics of overland flow have been the subject of extensive 
investigation through the analysis of rainfall plots. It has been extensively 
discussed by Mr. Horton.?:" The field investigations have shown that over- 
land flow in thin sheets may be entirely turbulent or partly turbulent and 
partly laminar. For smooth surfaces, it appears that fully turbulent flow will 
be developed normally, and that the Manning formula is applicable. For 
subdivided flow through grass, most of the experimental data indicate that the 
flow is laminar to some extent and may be reasonably represented by a con- 
dition of 75% turbulent flow, in which case the profile of overland flow may 
be assumed to be parabolic and the flow to take place in accordance with 
the relation, 


MOP aes TOTUNE BARU REO oe coe ett (1) 


in which: 6 is the depth of flow at any point; k is a constant; and Q is the rate 
of flow. Since the profile of the water surface is parabolic, in this case, the 
mean depth of surface detention may be taken as two thirds of the depth at 
the outflow margin of any strip, and the rate of outflow may be expressed either 
in terms of mean depth or of outflow depth. For the purpose of this demon- 
stration, it is assumed that the flow from paved impervious surfaces will take 
place in accordance with the Manning formula, using an n of 0.015, and may 
be represented by the equation 


Vx 189,809.07 GACY Ba oa ee a) 


in which V is in feet per second and 6 is in inches. It is assumed that the 
flow over turfed surfaces will be 75% turbulent. Coefficients have been 
adopted from a study of several sets of experimental data, and the flow formula 
used is 

Wize (NOG); SOSH ge cL Go eet eee (2b) 


The values of n derived from experimental studies of turfed plots and 
used in Eq. 20 are not of the same order as the Manning n, because the condition 
is actually one of subdivided flow. For evaluation of overland flow through 
turf, it seems advisable to avoid the use of values comparable to the Manning 
nm and to discuss rather the velocity coefficients in Eq. 2b. The Anacostia 
plot (Fig. 3(a)) gives a coefficient of slightly more than 0.6. The afore- 
mentioned value of 0.96 was derived by the writers from experiments reported 
in 1938.12 Unpublished values for flows 1 to 2 in. deep through Bermuda 
grass! indicate that these can be expressed by a coefficient of about 1.2, al- 
though the flow was turbulent. In general, these values over a considerable 
range of turf conditions seem to have less variation than the n-values for natural 
stream channels. ; 


11 Transactions, Am. Geophysical Union, 1939, p. 693. , Hedi ; 

12U blished manuscript of the SCS entitled ‘‘Results of Studies Involving the Application o 
Rainfell at Uniform Rates to Control Plot Conditions,” by C. M. Woodruff, D. D. Smith, and Darnell 
M. Whitt, June, 1938. : 

13‘‘Some Experiments on Shallow Flows over Grass Slope,’ by W. O. Ree, Spartansburg Lab., SCS, 
Transactions, Am. Geophysical Union, 1939, Pt. IV, p. 653. 
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If any specific project is undertaken for the development of truly repre- 
sentative hydrographs of flow involving the turf on city lawns, the value of 
the coefficient in Eq. 2b should be given some further study. For the reasons 
heretofore discussed, it appears that on well-developed city lawns, this coeffi- 
cient may be as low as that found for the Anacostia Parkway—that is, on the 
order of 0.6. This assumption is borne out in part from an examination of an 
actual hydrograph for one of the city blocks studied previously,!° where the 
delayed peak and the considerable bulk of flow occurring after the end of 
rainfall indicate in part relatively low velocities of overland flow. 

On the basis of the flow-depth relationships of the foregoing type, Mr. 
Horton has developed, for 75% turbulent flow, the equations for the rising 
side of the hydrograph, and for the depth of detention corresponding to any 
rate of flow. These equations, when developed from Eqs. 2, become: 

For turf— 


Al 0. 2 
qe = o tanh? Ee 8.520 of iaS)7’ Olio? el a eee (3a) 
60 1 
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Figs. 9(b) and 9(c) show families of curves for runoff across turf strips for 
different slopes and lengths. 
’ For pavement, the writers have developed the following relationships: 


des 1.60 (1,020) 9-60 $0.30 0-60 t 
q= C6 tanh!-§7 pe ceed Wi eR hh. 5 (4a) 
and 
oY 9-60 no-60 19-60 1.60 (1,020)°9-6° $9.30 9-60 t 
6 = (1,020)0-60 goo tanh eee Guth et 5 (4b) 


In Eqs. 4, g is expressed in inches per hour, o = the rate of supply of excess 
rainfall in inches per hour, S = the absolute slope, 1 = the length of overland 
flow in feet, t = time in minutes, n = the coefficient of roughness, and 6 = the 
depth of detention, in inches, at the outflow margin at any time ¢. The 
mean depth of detention is for turf 3 6 and for pavement approximately § 6. 

For any specific area of surface, such as those shown in Fig. 8(a), S, l, 
and n are inserted and Eqs. 4 then show the relation between the rate of 
overland flow or the marginal depth of overland flow and the rate of supply 
at any time ¢. For each condition of flow, Eqs. 4 have been graphed for over- 
land flow over 10.5-ft and 7.5-ft lengths of pavement, for various rates of 
supply. (See Fig. 9a.) 

In determining the hydrograph of overland flow, the q equations, Eqs. 3a 
and 4a, are applied to the rate of supply shown on the diagram, as for example 
in Fig. 5(a). Where the rate of supply is varying, the procedure is uenn 
by reducing the rates to uniform rates for short periods. Where the rate of 
supply is uniform for a considerable time, the rising side of the hydrograph 


14 ‘* The Interpretatio icati i 
Soils Science rere ee War ieee Runoff Plat Experiments,” by Robert E. Horton, Proceedings, 
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is that represented by Eqs. 3a and 4a for any single rate. If the uniform rate 
of supply continues for a considerable time, equilibrium flow is established 
and the rate of overland runoff becomes equal to the rate of supply. 

If the supply rate increases either before or after equilibrium flow has been 
established, the rising side of the hydrograph is continued as follows: The 
surface detention at a time when the supply rate increases is related to the 
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value of Q by Eq. 1. This same value of detention would have been produced 
under the second supply rate at a different time, and the Q corresponding to 
such 6 at that time has the same value as the Q resulting from the first supply 
rate. Accordingly, it is possible to join two different curves representative 
of the rising side of the hydrograph for different supply rates. For example, 
in Fig. 9(c), if the initial supply rate was 1.5 in. per hr and it lasted for 16 min, 
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the rate of runoff at that time would be 1 in. per hr. If at that time the 
supply rate changed to 2.5 in. per hr, the hydrograph can be continued by 
using the curve for the 2.5-in. supply rate at the point of equal flow which, 
for that curve, is found at 8 min. The rising side of the hydrograph will then 
develop along this curve until the supply rate is again changed. 

When the supply rate is reduced from one value to another, the hydrograph 
takes the form of a recession curve, the rate at the lower end of which is the 
equilibrium rate of flow for the new supply rate. The hydrograph, therefore, 
continues along the recession curve, dropping to the new supply rate, and then 
uniformly along that supply rate value until another change takes place. 

At the end of the precipitation period, or at the end of the supply period, 
the hydrograph continues as a recession curve. In this case the mass runoff 
under the recession curve must be equal to the mean detention at the time 
when the supply rate is terminated, minus the mass disposed of by infiltration 
during the recession period. This application of infiltration is necessary for 
the reason that, whereas the original supply rate was determined by subtracting 
infiltration capacity from precipitation rate for the period of rainfall, the 
infiltration subsequent to the end of precipitation has not otherwise been 
evaluated. 

The character of the recession curve of overland flow raises interesting 
hydraulic questions with respect to which further research is desirable. In 
order to permit a mathematical analysis of this problem, it is necessary to 
know the relation during the recession period of the outfall depth at the control 
section to the mean depth of detention. Studies made by the writers indicate 
that the parabolic profile, which seems to be characteristic of the rising side 
of the hydrograph, cannot persist for any length of time during the recession 
period. An analysis of the relationships of the assumption that the water on 
the strip maintains a parabolic profile gives a very simple equation for the 
recession side, but this equation indicates a discharge of the detained water 
much more rapidly than the results of experiments indicate to be possible. 
It seems obvious that, at the end of the supply period, a drawdown occurs at 
the outlet, changing the relationship between the control depth and the mean 


depth of detention. An analysis of the recession curve for the Anacostia plot 


shown in Fig. 3(a) indicates that the relation of outflow rate to the simultaneous 
mean depth of detention may be expressed approximately as 


in which 6, represents the average depth, over the entire tributary area, of 
the residual detention at that time. Further study of a large number of such 
recession curves may give a better indication of how the water surface profile 
is modified during this period. For the purpose of the demonstration of this 
paper, the recession curves have been adjusted to conform generally to those 
of experimental plots that have been examined.!5 

The effect of this procedure in transforming the supply rate shown in 
Fig. 5(a) to a hydrograph of surface runoff, for each of the elemental areas 


16 See ‘‘A Graphical Analysis of Sprinkl He 
Transactions, Am. Geophysical Union, 1940, eee behest WLS roves kas ee neg 
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TABLE 3——ArzEaAs INVOLVED IN Hyprograpus or Fias. 10 AND 11 


Center Line of 60!' Street 
Pavement, 1 


(a) Lor ro Strerr Corner (b) Lor tro ALLEY 
Unit Area, Percentage | Length of Unit Area, Percentage | Length of 
(See in of strip, lo, (See in of strip, lo, 
Fig. 10) acres total in ft Fig. 11) acres total in ft 
Aa 0.0209 20.40 65 [a 0.0023 61.30 47 
Be 0.0158 15.40 32 Ja 0.0143 14.03 23 
Ca 0.0032 3.10 23 Ke 0.0062 6.09 89.5 
De 0.0047 4.58 5 Le 0.0092 9.05 ern 
Eb 0.0038 3.81 28 Me 0.0046 4.57 7.5 
Fe 0.0288 28.10 Ae Ne 0.0048 4.76 10.5 
G 0.0045 4.39 65 | 
Hb 0.0207 20.22 18 Total 0.1014 100.00 
——— |———— Pervious 0.0766 75.5 
Total 0.1024 100.00 Sater Impervious 0.0248 24.5 
Pervious 0.0399 39.00 Bisley 
Impervious 0.0625 61.00 
¢ Turf. +’ Pavement. ¢ Roofs. 


shown in Table 3, is illustrated in detail in Figs. 10 to 14 which follow. In 
all of these computations, the runoff rates are maintained in inches per hour. 

The rainfall chosen to illustrate the application of this method is the simple 
one presented in Fig. 5(a). This rainfall is reproduced in Fig. 10(a), showing 
the respective outflow graphs for each of the elemental areas draining to the 
street. It is noticeable that for the smoothly paved areas equilibrium flow is 
quickly established, and the outflow graph departs comparatively little from 
the precipitation or ‘‘supply” diagram. The hydrographs for the turfed areas 
reflect both the effect of infiltration and surface detention. It will be noted 
that runoff becomes perceptible at about 18 min, which is approximately the 
beginning of the supply rate diagram as shown in Fig. 5(a). The difference 
between the hydrographs for areas A, B, and C reflects the difference in the 
length of overland flow, all of them having the same supply rate and the same 
surface slope, for this illustration, of 1%. The effect of the longer overland 
flow for unit A is also apparent in the increased depth of surface detention 
which results in the greater mass under the recession curve A. 

In Table 3(a), each of these unit areas is shown in its actual acreage and 
also as a percentage of the area of the lot draining to the street. 

In Fig. 10(b), the ordinates of the hydrographs in Fig. 10(a) have been 
multiplied by their respective areal percentages, and therefore appear in terms 
of inches per hour for the entire tributary area shown on the small plat in 
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Table 3(a). In order to visualize the relative effect of the pervious and 
impervious areas on the final outflow hydrograph from this entire part of the 
lot into the street gutter, the ordinates have been accumulated separately 
for the impervious and pervious units. These are then added to form the 
final hydrograph entitled “Total Inflow Hydrograph”’ (that is, inflow to the 
street gutter). This shows clearly how, until the time that the infiltration 
capacity became equal to the rainfall rate, plus the additional time required 
to satisfy retention, the hydrograph is developed entirely from the flow from 
impervious surfaces, and that equilibrium flow from these surfaces has been 
established before the flow from the pervious areas becomes effective. 

At this point it is well to note again that the character of the hydrograph 
does not result from the relative percentages of pervious and impervious areas 
alone, even for any oneslope. It is distinctly sensitive to the length of overland 
flow on the turf strips and to the relative position of the pervious and impervious 
areas with respect to the outflow channel. In this example all of the smooth 
impervious areas, with one minor exception, have been shown as having 
direct-flow access to the street gutter. If certain of these areas were so placed 
as to discharge their flow on to the turf, the character of the hydrograph would 
have been materially different. 

Fig. 11 shows the development of the hydrographs from the rear of the lot 
draining to the inverted alley channel. The general effect of the pervious and 
impervious areas is the same as for the street system, but the shape of the 
hydrograph is materially different because of the greater percentage of pervious 
area and of the greater length of overland flow on it. 

These illustrations do not reflect the effect of slope, as a uniform slope of 
1% has been utilized for all areas within the lot. The effect of slope, however, 
is material, particularly on the turfed areas. Separate graphs, prepared for 
steeper slopes, are not presented at this time, but where the turfed areas have 
slopes of, say, 4%, the surface detention is materially reduced and the peak 
rate of runoff materially increased, even though the infiltration capacity rates 
are the same. The result of this application of hydraulics to the net rainfall 
or supply rate is the production of the actual hydrograph of overland flow that 
may thereafter be treated as the inflow hydrograph to the street gutter or the 
inflow hydrograph to the inverted alley channel. 


Gurter Inrtow, Gurrer Sroracs, aNnD GUTTER OUTFLOW — 
TO THE STREET INLET 


For this demonstration, inasmuch as it is assumed that each of the building 
lots has been laid out and developed in the same manner, the inflow to the 
gutter or to the alley is uniform from all lots. Therefore, the gutters represent 
hydraulic systems having a free outflow to the sewer inlet at the lower end and 
an inflow which may be taken as increasing from the upper to the lower end 
in proportion to length. It is proposed here to examine the effect of gutter-flow 
characteristics on the hydrograph by the use of the storage equation in which 
the outflow at the inlet Q is equal to the inflow represented by the hydrograph 


in Figs. 10(b) and 11(b), respectively, plus or minus the rate of change of 
storage in the gutter. 
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To permit this application to be made, it is necessary to develop, for 
any condition of equilibrium flow, the relation of the storage volume in the 
gutter to the discharge Q at the inlet. This storage volume is readily deter- 
minable when the character of the water surface profile is known. In this 
case, the relation between rate of flow to length of flow along the gutter is a 
linear one, in which 


1 being the total length of the gutter, and x the distance along the gutter 
measured from the upper end.. For the alley-channel gutter, the width of the 
water surface is great compared to the depth, and the hydraulic radius may be 
closely approximated as being equal to the mean depth. 

In ordinary municipal practice, it has been the custom to assume that the 
water surface is parallel to the flow-line gradient, in which case the depth hz 
at any point x becomes a direct exponential function of the rate of flow Q; at 

1.486 h 


that point. For the conditions: A = 15h?;v = 0.015 Bee SHS 92h es Feaae 5} and 
v = 62.4 h?-87 80.5 
(Oi A SORT TE OCU SRO Ree Gly ne.colina tt (7a) 
and, assuming a gutter 600 ft long, 
eas Ra OES fect es a tow Wider oa ae Uae (7b) 


For this condition of flow, in the alley gutter shown in Fig. 12(d), the equation 
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The assumption involved in Eq. 7a, of course, is physically inconsistent, 
as the values of h cannot vary along the gutter without producing varying 
values of the water surface slope 7. 

In connection with this demonstration, considerable study was made with 
respect to the character of the genuine water surface profile for the alley gutter. 
It was found that a rigid analysis of this hydraulic problem is quite involved, 
and that the matter could be approached best by successive approximations. 
The water surface profile has been investigated in this manner with the following 
conclusions: 

For the channel cross sections shown in Fig. 12 for rates of grade in ex- 


~ cess of 0.004 and for the range of flows that would normally be encountered, 


the exponential formula, Eq. 7a, is reasonably representative of the water 
surface. A second approximation involVing varying water slopes determined 
from the values of h growing out of Eq. 7a results in only a slight change in 
the profile in the upper 20% of the length and, of course, if computed accu- 
rately, a slight change at the outlet due to the discharge drawdown curve. 
These changes affect storage volume so slightly that the discharge-depth 
relationship may be determined from Eq. 7a within the limits of accuracy 
justified. 

The limitations between which these relationships are sufficiently accurate 
should be noted carefully. For extremely flat grades (that is, those less than 
0.0025 on smooth surfaces such as pavement), and for grades of less than 1% 
where the flow for such cross sections occurs over turf, the water profile should 
be determined carefully by successive approximations and the discharge- 
storage equation developed by summation. This has been found to be par- 
ticularly important in studies made for the drainage of the National Airport 
at Washington, D. C., where the channel flow is entirely through flat turfed 
gutters. Under these conditions, storage volume reaches large quantitative 
values with respect to discharge Q, must be rather accurately determined, and 
affects, importantly, the relation between channel inflow and outflow. 

The relationship between storage volume and depth at the outlet has been 
evaluated and is shown for the alley on the control graph, Fig. 12(b). It can 
also be expressed directly as a relation between discharge rate and storage 
volume. 

This can be done by eliminating h between Eqs. 7a and 7b for the alley, 
which results in the following relationship: 


Yeh 0 Fe oe ace ire cog eR (9a) 
in which V is in cubic feet; and Q in inches per hour for tributary area A in 
acres and, for this block, 

k es 60 1 A 0.75 
7 936 So-5 0.@ ©, @..8 «ce. 6: 6,300.6 oe ©) elehe_eie e (9b) 


For a short finite At in which the hydrograph may be taken as a straight line, 
the insertion of these values in the storage equation, with inflow I in inches 
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per hour, gives 
60 I At — ease GOAL (ei — Os) 0. (10) 


* Rearranging the terms, this can be expressed as 
Y etemr Ia Oye eR or Rind of oe a (11) 
in which (expressing 7, Q, and Q, in inches per hour) 


Lif 2k Q.?-75 AA + 60 Qs At 
fQ2 = Lee ee eh eae end (12a) 


and 
_ 2k Qy-78 A“ — 60 Q, At 
fQ1 aaa Samsara 0 Nie YRCARC THAT OMER TY on Pte, 3 hint] (126) 


This relationship is shown graphically in Fig. 13. Similar diagrams were 
prepared for the street gutter and were used to translate the gutter inflow 


Q, in Inches per Hour 


0 
0 LOPS) 2.0% 3:0)) 4:0) 510) 5 6:0--57-0% 58:05 29:0 10.0* 11-0= 12:0 
(f) Q and (f) J, in Inches per Hour 


Fig. 13.—GRAPHs FOR THE SOLUTION OF THE STORAGE EQUATION FOR THE ALLEY 


hydrograph to the gutter outflow hydrograph. Because of the character of 
the street gutter cross sections, the equations are quite involved, and the 
work was done graphically. 

In this application, the value of J is the mean value for the period At; Q, 
is the value at the beginning of At; and Q: is the value at the end of period At 
in min; A is in acres. The graph in Fig. 13 has been prepared by inserting 
the value of k representative of the total tributary area to the alley for a length 
of 600 ft, and a slope of 0.005. The method of determining Q2 from Q, is 
shown in an example by the dotted lines in this diagram. 

For the purpose of this application, the inflow hydrographs of the type 
shown in Fig. 11(6) were modified by evaluating the rate of change of storage 
and adjusting the ordinates accordingly. The resulting outflow graph to the 
inlet from the alley channel is shown in Fig. 5(a). 
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It will be noted that for this case the storage volume is so small with respect 
to the mass of the flow quantity that the channel storage has no effect on the 
peak rate. However, it does modify the earlier part of the hydrograph some- 
what. The earlier part of the hydrograph is important in translating these 
values to flow at a critical point on the sewer system, and therefore this modifi- 
cation also becomes important to the ultimate peak flow in the sewer. 

The effect of gutter channel storage for the shorter and more intense rains 
is not apparent from the graphs. Actually, however, the reducing value of 
this gutter storage becomes highly important for the rains of 20-min duration. 
For example, the hydrograph shown in Fig. 7(d) for the delayed-pattern, 
20-min rain, when compared to the inflow hydrograph to the gutters, shows 
that the gutter storage not only affects the rising side of the hydrograph, but 
actually reduces the peak rate about 30%. A similar but less drastic reduction 
is found for the other 20-min rains, and the effect is noticeable for the 40-min : 
rains. 

In Fig. 14, the outflow graphs to the inlets for each part of the block have 
been multiplied by the percentage that each part is of the total block area, 


: i : Co 


Oo MER OMG a 30m g40.2 80; a dh 6O.cd 90 pee SO ae 100. 110 120 
Time, in Minutes 


Fic. 14.—Hyprocrapus or FLtow From a Tyrpicat Biock (Rain, 2 In. PER Hr ror 60 Mrn) 


and therefore transformed to inches per hour for the block as a whole (see 
Table 1 for areas). It has been assumed that the inlets are discharging into 
a sewer on the cross street; for this purpose the velocity in the sewer is taken 
as 5 ft per sec, the time of flow between the inlet connections has been evaluated, 
the hydrographs have been offset accordingly, and the ordinates have been 
summed up to produce the total outflow graph from the entire block. (In 
Fig. 14, curves I, II, IIT, and IV are the weighted hydrographs of flow into 
inlets from areas bearing the same numbers.) 

This graph, and the companion graphs in Figs. 5, 6, and 7, can be accepted 
as representing, rather accurately, the manner in which the flood flow from 
this block will occur at the concentrating manhole A. The flow so represented 
may be accepted as that which would result from the conditions assumed. 
Among these conditions, the character of the infiltration capacity curve and 
the amount of retention are important. As has been previously discussed 
such graphs, if they are to be used quantitatively in sewer design, should be 
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based on infiltration capacities and on retention values that have been de- 
veloped out of actual flow gagings of such city lots. Undoubtedly the infiltra- 
tion capacity for the turf on such lots and the characteristic retention on such 
turf will be found to be higher than those determined from the analysis of 
sprinkling plats. In this connection, the writers have made a quick preliminary 
review of the results of the gagings from station B (city block 4841 in St. 
Louis).1° The development of this block as to character of surface cover and 
as to slopes is rather similar to the assumed city block outlined in Fig. 8(a). 
The principal difference is that the actual St. Louis block is nearly twice as 
long as that shown in Fig. 8(a). An analysis of the actual losses that occurred 
from the 70% pervious area in city block 4841 for a number of rains shows the 
results presented in Table 4. In this form, the values of losses have no specific 


TABLE 4.—Crity Buiocx 4841, St. Louis, Mo.; 70% Prrvious 


Peak rate Peak rate 
Dura- Dura- 
: Pre- of runoff : Pre of runoff 
eae cipita- aoe from area a cipita- Pease from area 
Date o tion, BORD aS tributary Date é tion, Pp tributary 
rain ant retention, to alley rain, a retention, to alley 
ae, inches | 1” inches in inches ta inches | inches in ey 
per hr ; per hr 
8— 2-15] 60+ 1.29 1.22 1.45 10-27-18 | 15 0.63 0.42 1.00 
5-28-16] 30 0.64 0.24 1.50 4-19-20] 60+ 1.30 0.68 1.95 
6— 2-16} 20 0.91 0.55 1.55 8-27-21] 40 1.77 iH 1.60 
8-11-16}; 20 0.77 0.60 1.55 8- 8-23] 50 3.51 3.00 2.45 
8-12-16} 60+ 1.14 0.65 1.35 6-23-24 | 50 1.36 0.92 1.50 
9- 7-16} 10 0.78 0.54 1.65 8-24-24] 15 1.13 0.89 1.80 


significance. However, they can be broken down by analysis, between reten- 
tion and total infiltration. The amount of infiltration, by comparison with 
the precipitation diagram, can be checked against infiltration opportunity. 
In this way, not only can mean infiltration capacity be determined, but by 
analogy to sprinkling plot results, an approximation can be made of the trend 
of infiltration capacity curve. 

Of course, the peak rate of block flow such as the 1.68 in. per hr of Fig. 5(a) 
for manhole A is not the critical rate for which the sewer would be designed 
at the outlet of this block. The importance of this hydrograph relates to the 
design of the sewer at some point where the so-called “‘critical time” is approxi- 
mately 60 min. At that point on the sewer, if all the blocks in the drainage 
basin had the same typical development as shown herein, the hydrograph of 
discharge may be determined by offsetting the hydrographs from the various 
blocks, adding the ordinates, and making some further modification in the 
shape of the hydrograph that would result from the translation of the flood 
wave under this condition. This process has been applied to each of the 
hydrographs, the routing being traced through a typical rectangular sewer 
system. , 

The outflow graph at manhole A, representing the hydrograph of outflow 
from the entire city block, has been calculated for each of the three duration 
periods and each of the four rain patterns, and the full hydrographs are shown 
in Figs. 5, 6, and 7. In these figures there has also been indicated a value of 
the net rainfall or supply graph for the block as a whole. This is a weighting 
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of the supply graphs for the pervious and impervious area with respect to the 
proportionate amount of these two types in the block. 

For ease in inspection there has also been noted on each of the graphs the 
character of the hydrograph as it would appear after routing to the flow time 
point on the sewer system equivalent to the duration represented by the 
particular rain. By inspection, therefore, it is possible to note the following: 

Comparison between the precipitation diagram and the weighted supply 
line shows the effect of the infiltration and the permanent retention that was 
introduced into the computations. ‘A comparison between the supply line and 
the hydrograph at manhole A (Fig. 14) shows the combined effect of surface 
detention during overland flow and of gutter storage. The comparison between 
the hydrograph at manhole A and the hydrograph at the design point shows 
the equalizing effect resulting from the non-synchronous concentration of the 
flow from the various city blocks at this point. These last hydrographs, as 
to their peak values, are representative of the quantities such as have heretofore 
been commonly used in sewer design under the rational method. For those 
who are accustomed to thinking in terms of the coefficient of runoff, these 
peak rates may be compared with the mean precipitation intensity for the 
original duration period. These particular peak rates, of course, result from 
the particular network routing system used. This rectangular system with 
equally spaced branches, and with the flow time in the branch equal to the flow 
time in the main, is only one of a number of patterns that might have been 
applied. Higher peak rates would have resulted if the network system had 
been chosen of the sector type with the branches converging toward the time 
design point. 

In order to give a general perspective view of the results of the calculations 
here presented, Table 5 has been prepared. All of the values given in this 


TABLE 5.—SumMary or VaLurEs ror AssuMED City Buock, Fia. 8(a) 
(46% Impervious, No Impervious Surfaces Draining Over Turf) 


20-Mi1n DuRaAtION 40-Min Duration 60-Min DuRaTION 
PRECIPITATION PRECIPITATION PRECIPITATION 
; PATTERN PATTERN PATTERN 
No. Unit Rates 
Uni- | gave] Int.? | Del.? | U2) agy.l Int.2| Del.t| U2] ay] mnt. | Del. 
cori Bi : ? | form|Sdv-?| Int. el.) form |Adv- nt. el. 


In Inches Per Hour: 
Precipitation Rate— 


i CAD Tees + wis aes ae 3.5 3.5 3.5 3.5 |.2.5+ }.2.5. 2-52.56) \/210412:0. 1)2:00 210 
2 Maximum.......... 3.5 6.9 6.9 6.9 |2.5 |5.0 |5.0 |5.0 |2.0 |4.0 |4.0 |4.0 
2 Maximum supply rate..| 3.0 5.64 | 5.80 | 6.15 | 2.20 | 4.01 | 4.25 | 4.50 | 1.80 | 3.22 | 3.52 | 3.75 
Peak Flow Rate at: 

4 Manhole FU Gio Sic 2.15 | 2.91 | 3.09 | 4.00 | 1.95 | 2.65 | 2.76 | 3.65 | 1.68 | 2.27 | 2.68 | 3.60 
5 20-min pointe....... 1.63 | 1.98 | 2.24 | 2.26 | 1.70 | 2.48 | 2.49 | 2.58 | 1.58 | 2.17 | 2.43 | 2.88 
6 40-min pointe....... 1.27 | 1.37 | 1.55 | 1.56 | 1.47 | 1.96 | 1.98 | 1.95 | 1.44 | 1.92 | 2.03 | 2.28 
7 60-min pointe 


aye uas.s 0.99 | 1.00 | 1.17 | 1.17 | 1.25 | 1.55 | 1.57 | 1.57 | 1.30 | 1.60 | 1.66 | 1.84 
In Inches of Depth: 


Mass precipitation... .. 1.17 | 1.17 | 1.17 | 1.17 | 1.67 | 1.67 | 1.67 | 1.67 |2.0 |2.0 |2.0 

9 | Mass infiltration... ..__ 0.33 | 0.31 | 0.26 | 0.24 | 0.45 | 0.46 | 0.39 | 0.38 | 0.52 |0.56 | 0.42 oat 
0 0.93 | 1.22 
al 


Mass supply.......... 0.84 | 0.86 | 0.91 1.21 | 1.28 | 1.29 | 1.48 | 1.44 | 1.58 | 1.59 


* Rectangular drainage network (see text). > Advanced, intermediate, and delayed, respectively. 


——$$$_$_<_42 
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table are expressed in inches per hour, or the approximate equivalent cubic 
feet per second per acre, except the mass values of supply Q and infiltration F, 
which are in inches in depth distributed over the entire tributary area. It 
should be noted again that, quantitatively, the values are responsive directly 
to the rainfall patterns and to the infiltration capacity values used, and as to 
the latter, result in runoff rates greater than would be expected with the 
frequency involved. The values given for peak flow at the various time-design 
points reflect the particular network sewer pattern previously described and 
would be materially different for a different type of collecting system. How- 
ever, they all have been derived on the same basic assumption and through 
the same application of hydraulics, and therefore are definitely comparable. 


SUMMARY AND CONCLUSIONS 


Conventional Urban Areas.—The conception of a uniform rainfall rate for 
a specific duration period is an unsatisfactory basis with which to compare 
runoff rates. In the opinion of the writers a fully rational basis of design for 
urban storm drainage involves the following steps: 


(a) A study of rainfall intensity distribution and of the sequence of in- 
tensities within certain arbitrary duration periods, such as those chosen in 
this paper. 

(6) For a particular area, some further research is needed with respect to 
infiltration capacity and overland flow for the type of turf normally utilized 
for city lawns. 

(c) With the necessary basic data, it is entirely practicable and not an 
unreasonably involved or expensive procedure to develop, through hydraulic 
processes, the type of hydrographs shown in this paper. 

(d) The rates so determined, on the basis of the conditions for which they 
are derived, should be subjected to a further frequency investigation, and from 
- these studies a series of design curves might be prepared that would give the 
peak rate of runoff expected from each of the typical blocks, for specific slope 
conditions, and at any particular frequency. 

(e) No attempt should be made to reduce these basic design values to 
generally applicable flow rates at any “time point,” but in the design of any 
particular sewer system they would form the basis of flow routing through the 
particular drainage network. 

(f) The procedure in steps (a) to (e) is subject to organization and tabulation 
in a manner similar to that under which the rational method has been commonly 
applied. It removes, entirely, the completely irrational coefficient of runoff; 
it involves a further study and revision of the criteria of critical time; it implies 
that the critical runoff rates at the sewer inlets will be routed through the 
sewer network in such a manner that the maximum rate of flow which can 
occur at any design point will have been determined; its application initially 
will require the extensive preparation of essential basic data, and extensive 
studies as to the physical characteristics of typical city blocks. Its application 
in general, after basic hydrographs of determined frequency have been pre- 
pared, will be little more difficult than the methods now used. 
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PART III—CONCLUSION 


The demonstration presented herein for small conventional areas shows, in 
principle and outline, the manner in which hydraulic methods may be applied 
to the organization of basic data and the derivation of secondary data essential 
to the computation of flood flow rates. The writers believe that basic hydro- 
logic data are now becoming available, of a quality and in an extent that 
justify the more detailed type of hydrologic analysis set out, and that hereafter 
the ‘basis of design of important hydraulic structures may be developed in a 
more logical and dependable manner than has heretofore been considered 
feasible. That the computations involved will be tedious in some cases is 
recognized; but they need be no more extensive, nor complex, than the technical 
computations commonly underlying the design of an important bridge. 

The procedure outlined in detail for small areas of conventional type has 
been applied with some modifications, but upon the same basic principles, to 
larger drainage basins and to natural channels. 

When applied to larger areas, all matters may obviously be on a somewhat 
different scale, and some phases of the computation are properly of a more 
approximate character. However, even as to such large areas: 


(a) Precipitation patterns can be prepared for each important sub-basin, 
preferably in units not exceeding 1,000 sq miles; 

(b) Infiltration capacity: values reasonably well related to actual soil and 
cover conditions can be accumulated separately for each sub-basin, and can 
be matched with the pertinent precipitation pattern in a logical manner; 

(c) From such a combination, the rate of production of surface runoff from 
each sub-basin will be developed in the order and manner in which it would 
actually occur; 

(d) The diagram of surface runoff can then be translated into the hydro- 
graph of stream flow at any particular point in each sub-basin through the 
unit graph or a proper evaluation of surface detention and channel storage. 
The hydrographs for the sub-basins can then be synchronized and combined 
for the main stream. This application unquestionably requires more detailed 
physical data as to stream channels and valley storage areas, and involves a 
material increase in the cost of the design phase of the engineering of hydraulic 
structures; but it permits a marked reduction in the factors of ignorance that 
need to be applied thereto. 


This procedure is restricted to the determination of flood flow from surface 
runoff. For many basins, ground water or base flow during the rise of the 
hydrograph will have a small value and may be neglected. For some conditions 
it may be large and may add materially to flood flow. Any detailed discussion 
of this question is beyond the scope of this paper. 
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OPERATION EXPERIENCES, 
TYGART RESERVOIR 


By ROBERT M. Morris,? EsQ., AND THOMAS L. REILLY,? Esq. 


SYNOPSIS 


Some of the problems involved in the operation of a large flood-control and 
water-supply project are reported in this paper. The writers demonstrate how 
effectively the Tygart Dam can perform the functions for which it was planned. 
For example, the effect of the reservoir in reducing flood crests at downstream 
points is demonstrated. The accuracy of these estimates is dependent on the 
method of flood routing and the thoroughness with which it is consummated. 
The elements involved in routing these floods are described only briefly because 
a complex problem of this type would require a separate paper for complete 
presentation. 


INTRODUCTION 


At the junction of the Monongahela and Allegheny rivers, in Pennsylvania, 
lies Pittsburgh, the steel city, favored by nature with bounteous coal supplies 
and three broad rivers for its transportation. Nature can be exacting for its 
favors, however. Records indicate that almost annually since the eighteenth 
century flood waters rolling down from the western slopes of the Appalachian 
Mountains have inundated some parts of the expanding city. At the time of 
the 1907 flood, when Pittsburgh had grown to be the steel center of the world, 
the valleys of the Allegheny and Monongahela rivers were lined with industrial 
developments. The low-lying ‘‘Triangle” at the junction of the two rivers was 
the crowded business center of this great industrial district. The flood of 
1907, reaching then unprecedented heights, took a terrible toll in lives and 
property damage and awakened the citizenry to the realization that, since 
their city had been built practically in the flood plain of the rivers, some means 
must be found to check the annual flood menace. 

The Pittsburgh Flood Commission, formed after the 1907 flood, made a 
detailed study of methods of flood control and published a complete report.’ 


Norz.—Written comments are invited for immediate publication; to insure publication the last 
discussion should be submitted by August 15, 1941. 

1 Assoc. Engr., U. S. Engr. Dept., Pittsburgh, Pa. 

2 Asst. Engr., U. 8S. Engr. Dept., Pittsburgh, Pa. 

* Report of Flood Commission of Pittsburgh, Penna., April 16, 1912. 
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Fie. 1.—Location Map, Tygarr Dam 
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Later surveys and studies were made by the United States Army Engineers. 
A complete plan for a ten-reservoir system for flood control in the Upper Ohio 
Basin was developed by the Army Engineers; and finally, in 1934, funds were 
appropriated by the federal government for the first unit in this system, a dam 
on the Tygart River, one of the main tributaries to the Monongahela. The 
latter river is one of the world’s greatest industrial waterways, linking the 
bituminous coal fields of Pennsylvania and West Virginia with the steel mills 
and other industries of the Pittsburgh District. Since navigation on this 
stream was hampered periodically by low water in the dry summer and autumn 
months, this dam on the Tygart River was designed for the dual purpose of 
flood control and water supply. 

The Tygart Dam and Reservoir, constructed and operated by the U. S. 
Army Engineers, have been in service since January, 1938. Following the great 
record-breaking flood of March, 1936, which caused an estimated monetary 
loss of $178,674,000 and heavy loss of life in the Ohio River basin above Wheel- 
ing, W. Va., money was appropriated by Congress for the extension of the 
reservoir system and four other units are now (1941) under construction. This 
paper purports to discuss some of the problems involved in the operation of a 
large flood-control and water-supply project and to demonstrate how effec- 
tively the Tygart Dam can perform the functions for which it was planned. 

The dam is on the Tygart River in Taylor County, West Virginia. It lies 
just two_miles by stream above the City of Grafton and 27 miles above Fair- 


Fig. 2.—View or Tycart Dam 


mont, W. Va., where the Tygart and the’ West Fork rivers join to form the 
Monongahela ayes This latter river is canalized over its entire length of 
128 miles, and from its mouth at Pittsburgh (where with the Allegheny River 


a 


 f 


[i -————— 2 
a 


Sfss 


> 


= = s&s # F&F FF 
Sree eer : 


te te: 


eS 


572 TYGART RESERVOIR Papers 


it unites to form the Ohio River) to its source at Fairmont there are thirteen 
navigation locks and dams. The tributary drainage area of the Tygart Dam 
is 1,183 sq miles. This is 16.1% of the total Monongahela Basin (drainage 
area, 7,384 sq miles) and 6.2% of the combined drainage area of 19,117 sq 
miles of the Monongahela and Allegheny rivers at Pittsburgh. 

This paper deals primarily with the operation of the reservoir rather than 
design or construction of the dam and only a brief description of the structure 
is presented herein for the purpose of clearness in explaining methods of 
operation. 


Fig. 3.—Spituway Secrion, Tyaart Dam 


The dam is of the concrete gravity type, 1,880 ft long, and rises about 230 
ft above bedrock. The spillway section, at about the middle of the dam, is 
489 ft long and is flanked by bulkhead sections 23 ft higher than the spillway 
crest. The outlet works consist of eight conduits 5 ft 8 in. by 10 ft, each con- 
trolled by two, vertical, hydraulically operated, steel slide gates and two, 
48-in., internal, differential, needle valves for low-water regulations. A cushion 
pool is provided below the main dam for the dissipation of the kinetic energy 
of discharge through the outlet works and over the spillway. Fig. 1 shows the 
location of the dam; a view of the completed structure is shown in Fig. 2; and 
a cross-sectional drawing is given in Fig. 3. The cost of the completed project, 
including railroad relocation, was about $18,000,000. 


GENERAL FEATURES OF OPERATION 


Reservoir Capacity.—The size of a flood-control reservoir is governed both 
by the economic feasibility and the hydrologic potentialities of the project. 
The dam should be built to a height necessary to produce a reservoir of sufficient 
capacity to provide a reasonable degree of control over floods similar to those 
of past record and over theoretical floods that may possibly occur in the future. 
Where storage for low-water control must also be considered, as in the case of 
the Tygart Reservoir, this feature becomes doubly important. The height of 


April, 1941 TYGART RESERVOIR 573 


the dam and attendant reservoir capacity are also limited by the point at which 
the cost of the completed project, converted to annual charges, approaches the 
monetary benefits that will result from its operation. Exhaustive hydrologic 
and economic studies made by the Army Engineers, prior to the construction 
of the dam, limited the capacity of the reservoir to only 290,000 acre-ft at the 
spillway crest, which is equivalent to 4.5 in. of runoff from the tributary drain- 
age area of 1,183 sq miles. Between the spillway crest and the top of the bulk- 
head sections an additional quantity of 88,000 acre-ft as surcharge storage is 
available. Fig. 4 shows the capacity of the reservoir in terms of elevation. 
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Fie. 4.—Curvn or Reservork Capacity 


Seasonal Storage-——A schedule of dual-purpose operation is required for a 
flood-control reservoir of limited capacity if it must augment the seasonal low- 
water flow in the streams below the dam. The rate and quantity of low- 
water storage must be coordinated with flood-control operation to provide 
satisfactory results for both purposes. In allocating reservoir storage capacity 
to low-water regulation and flood control, during the months of low flow, a 
study was made to determine the water required to maintain satisfactory 
navigation conditions on the Monongahela River, under the most adverse con- ° 
ditions that might reasonably be expected. Using the historic 1930 drought as 
a criterion, it was determined that sometime it might be necessary to maintain 
a constant discharge of 340 cu ft per sec from the Tygart Reservoir for the 
54-month period from July 1 to December 15. Translated into volume, this 
flow would be 675 acre-ft per day, or 113,400 acre-ft for the 168-day period. 
The record of the Tygart River during the 1930 drought reveals that, although 
on occasion the discharge was as low as 1 cu ft per sec, the total volume of 
discharge from July 1 to December 15 was approximately 13,000 acre-ft. 
Since the difference between the total volume of required discharge and the 
minimum expected inflow determines the volume of storage that must be in 
the reservoir prior to the low-water period the use of 1930 as a criterion would 
necessitate 100,000 acre-ft of storage by July 1. 
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In planning the operation of the reservoir, it was necessary to determine 
when, and at what rate, storage should be impounded in order to have the re- 
quired storage by this time. It is obviously desirable to reserve the entire 
reservoir capacity for flood storage during the periods when floods are most 
prevalent. A study of Fig. 5 shows the distribution by months of floods at 
Pittsburgh, and indicates that flood frequencies increase from November to 
March and decrease from April through October. Therefore, maximum storage 
capacity is maintained in the period from November to March and, since the 
probabilities of damaging floods begin to decrease in April, at this time a gradual 
increase in storage may be started. An analysis of stream discharge during the 
months of April, May, and June in 1930 indicates that, by limiting the reservoir 
outflow to 100 cu ft per sec, the required 100,000 acre-ft of storage could have 
been obtained between April 10 and June 15. No ill effects would be caused 
by this schedule as a flow of 100 cu ft per sec is sufficient to maintain satisfactory 
sanitation conditions for the City of Grafton and, during this period of the year, 
the natural flow of the Monongahela River is normally much greater than the 
minimum required to maintain navigation. 

Based upon the computed rate at which storage could have been obtained 
in 1930, a curve has been developed (Fig. 6) for a guide in impounding storage. 
Starting on April 1 the reservoir outflow should be adjusted (always maintaining 
a minimum of 100 cu ft per sec) so that the reservoir pool will rise at a rate that 
will keep it on or above the elevation shown on the guide line. Thus, even if 
conditions more severe than the low-water year of 1930 are encountered, 100,000 
acre-ft of storage can be impounded before July 1. Referring again to Fig. 6, 
a depletion curve has been developed showing the rate at which the reservoir 
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pool would have receded in 1930, under a constant outflow of 340 cu ft per sec 
assuming the total inflow for the period to have been equally distributed. If 
the rate of drawdown throughout the low-water season keeps the pool elevation 
on or above the guide-line requirement, it is reasonably certain that the guaran- 
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per sec can be supplied 
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General Features of Flood-Control Operation.—As previously mentioned, the 
gross capacity of the Tygart Reservoir is equivalent to 4.5 in. of runoff from the 
tributary drainage area. However, when the low-water storage of 100,000 
acre-ft is in the reservoir, the remaining flood-control capacity is equivalent to 
only 2.9 in. of runoff. Obviously a reservoir of this capacity cannot completely 
contain the entire runoff from a great storm of the type that occurs frequently 
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over similar drainage basins in Eastern United States. This limited storage 
capacity, therefore, presents a problem of operation since the outlet works can- 
not be closed arbitrarily at the beginning of a flood and opened when the flood 
is past. A proper balance must be maintained between outflow and inflow so, 
that the maximum benefits will be obtained from the available storage capacity. 
Flood storage in the reservoir should not begin until it will aid in preventing or 
reducing damage at some downstream point. As the flood passes and fore- 
casts of stages indicate that an increased outflow from the reservoir will not 
arrive at the critical downstream points until after the rivers at those points 
have receded below damage stage, the rate of storage in the reservoir may be 
reduced by a gradual increase in reservoir outflow. 

The true functions of a reservoir of this type during a general flood are to 
delay the rise of its tributary flow only until the streams to which it is affluent 
are falling below damage stage, and to keep the magnitude of their ultimate 
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rise below this critical point. This principle is shown diagrammatically in 
Fig. 7, which illustrates the necessity to store, not the entire flood flow, but only 
that part represented by the single cross-hatched area of the hydrograph. The 
double cross-hatched area represents the discharge of storage; the two areas, 
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representing reservoir storage and draft, would, on an actual flood, be equal, 
The ideal result obtainable from this type of operation is shown diagrammati- 
cally in Fig. 7(b), which represents the desired effect at some distant downstream 
flood-damage point over which complete control cannot be procured. This 
condition obtains on the Monongahela River below Lock 7. Above this point 
the Tygart Reservoir can exercise almost continuous control over Monongahela 
River stages but beyond Lock 7 (which is immediately below the mouth of the 
Cheat River) the Monongahela Valley is still subject to floods from the uncon- 
trolled drainage area of this large tributary stream. 

Since many of the past floods of record in the Upper Ohio River Basin are of 
the double-peak and triple-peak variety wherein one wave rises immediately on 
the recession of another, the importance of ending flood storage and beginning 
discharge at the earliest possible moment is obvious. 

Operation Schedules—To obtain the aforementioned type of results, an 
effort has been made to determine fixed rules of operation and to establish cri- 
teria for the time and rate of flood storage and the time and rate of discharge 
of storage. The first attempt at establishing a fixed operation schedule was 
based upon stages at Pittsburgh, since it is in this district that the great mone- 
tary flood losses occur. From a study of past floods, a certain stage combined 
with a definite anticipated rate of rise on the Pittsburgh ‘‘Point” gage located 
at the confluence of the Monongahela and Allegheny rivers was set as the 
starting limit for storage in the Tygart Reservoir, and likewise a certain stage 
and rate of fall at Pittsburgh indicated the time for release of storage. Because 
of the complexities of the drainage basin above Pittsburgh it was soon evident 
that an operation schedule based entirely on stage conditions at this point would 
be subject to wide variation in results. The floods that occur at Pittsburgh are 
not always caused by simultaneous flood flows of the Allegheny and Mononga- 
hela rivers as either stream is sufficiently large, individually, to cause of con- 
tribute principally to flood stages in the Upper Ohio River. Therefore, al- 
though it is possible to set criteria at Pittsburgh that would have given excellent 
results from the Tygart Reservoir on some of the past great floods of record, 
recent experience has indicated that possible benefits from the reservoir would 
be sacrificed if the operation schedule were based on the Pittsburgh stage alone. 

One very important factor, which could not be overlooked in establishing 
rules of operation, was the influence of navigation on the Monongahela River. 
The tonnage on this stream exceeds that on most of the inland waterways of 
the world, and the commercial traffic is vital to the industries of western Penn- 
sylvania. In most instances, stages at which navigation is suspended on the 
Monongahela River, due to flooding of the locks, are below the stages at which 
actual flood damage begins in the cities and towns of the valley. The loss 
sustained by suspension of navigation is quite as real as physical flood damage 
in urban districts, and therefore the river stages affecting navigation must be 
taken into consideration in the regulation of the reservoir. 

Because of its comparatively short dam section, Lock 5 at Brownsville, 
Pa., is usually the first lock on the Monongahela River to be inundated by a 
rising river and the last lock to return to normal service. This point, therefore, 
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forms a control index for the entire river. If the Tygart Reservoir is operated 
to delay the inundation of this lock as long as possible or prevent it altogether, 
and if, during reservoir discharge, the outflow is regulated to keep the stage at 
Lock 5 below the top of the lock walls, then the maximum benefits should 
normally be obtained throughout the length of the Monongahela River Valley. 
In the current operation studies Lock 5 has been used to a large extent as the 
point on which operating criteria must be based, and in a later paragraph the 
results obtained at Lock 5 on several actual floods will be demonstrated. The 
experience gained thus far strongly indicates that predetermined rules will 
serve only as a partial guide for successful reservoir operation and maximum 
efficiency can only be accomplished from judicious use of accurate forecasted 
stages at the critical points. The following example will tend to illustrate 
this point. 

The average flood-wave translation time from Tygart Dam to Lock 5 is 
approximately 14 hr. When the rivers are rising the Tygart Reservoir, to be 
most effective, must begin storage at least 14 hr before the predicted time for 
Lock 5 to be overtopped by an uncontrolled flood wave. Storage must continue 
at the maximum rate in the reservoir until it is predicted that 14 hr later the 
stage at Lock 5 will have receded below the top of the walls. The rate at which 
the reservoir outflow can be increased must be equal to, or somewhat less than, 
the predicted rate of recession at Lock 5. If all these conditions are forecast 
accurately the reservoir can be operated so that the loss of lock service will be 
reduced to a minimum, and the maximum reduction of the flood crest will 
also be obtained at Pittsburgh and other critical points throughout the length 
of the Monongahela River. 

One possible objection to the use of Lock 5 for operation control is that 
positive storage in the reservoir may be used for the benefit of the Monongahela 
River when the river at Pittsburgh is below flood stage. If a great general 
flood should occur in the Tygart Basin immediately following this period, 
sufficient in magnitude to overtop the spillway of the dam, the efficiency of the 
reservoir might be reduced, as part of the storage capacity would be occupied 
at the beginning of the flood. This possibility can be greatly lessened by ac- 
curate meteorologic forecasts and intelligent use of hydrologic data. 

Flood Prediction.—In the preceding section the importance of predicted 
river stages below a flood-control dam has been emphasized. It is evident, of 
course, that the forecast of inflow into the reservoir itself is of great importance, 
particularly where the storage capacity is limited and where there is a possi- 
bility that the reservoir will be completely filled by a large flood or succession of 
smaller floods. In this section some of the factors affecting flood prediction 
will be discussed briefly, and the sources of river and rainfall data will be 
enumerated. 

The first factor to be considered in making river-stage forecasts is the 
condition of the streams at the beginning of the storm period. This is very 
important as a flood of some definite magnitude may be comparatively small if 
isolated. If it has occurred closely after another flood, however, which has 
utilized all the natural storage in the stream valleys, it may result in extremely 
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harmful stages. The floods of January, 1937, in the Ohio Valley were of this 
type. 

Another factor affecting flood flows is the percentage of runoff to be ex- 
pected from a givenrain. This is largely a function of the absorption capacity 
of the soil and condition of vegetation. A constant check on the rainfall- 
runoff relation must be maintained as it varies through the year. When they 
are unaffected by surface runoff, river stages represent outflow of ground 
water, or subsurface flow, giving an indication of soil conditions and the rate of 
- infiltration to be expected with rainfall. Studies are being conducted along 
these lines to correlate these factors more accurately for use in determining 
runoff. 

The most important factors in flood prediction, of course, are the rate and 
distribution of rainfall, combined when necessary with the water content of 
fallen snow. A network of rain gages and river-gaging stations is maintained 
over the Upper Ohio Drainage Basin by the U. 8. Weather Bureau, U. 8. 
Army Engineers, and U. S. Geological Survey. Daily reports from these 
stations are telegraphed to the Pittsburgh Office of the Weather Bureau at 
7:00 a.m. and during periods of heavy rainfall at 6-hr intervals. The Weather 
Bureau, in conjunction with the Federal-State Forecasting Service, makes 
river-stage predictions for principal points in the Pittsburgh District of the 
U.S. Engineer Department. 

In the tributary area of the Tygart Reservoir a network of ten rain gages 
and six river gages is maintained. From the reports of these stations, forecasts 
are made of reservoir inflow using runoff distribution percentages developed 
from a unit hydrograph for this basin. Fairly good results have been obtained 
and investigations are being made to define a small drainage basin above the 
dam to be used as an index of the runoff to be expected from the entire basin. 

Accurate prediction of rainfall over an area before the rain has actually 
fallen represents the ultimate hope of those engaged in flood-protection work. 
Rapid strides in the science of air-mass analysis indicate that such predictions 
from data obtained by the Weather Bureau are a distinct possibility. 

Flood Routing.—In simple terms, flood routing is an analytical redevelop- 
ment and transition of a flood wave—its inception from surface runoff in the 
headwater areas of one basin, its subsequent movement downstream aug- 
mented by inflow from successive tributary streams and diminished by the 
flattening of the wave as it progresses downstream, and the effect of natural 
valley storage. If the natural inflow from one of the tributary streams is 
withheld by a flood-control dam, the net effect at some downstream point will 
be a function of the valley storage between the dam and the point at which 
the reduction is computed. This amount of valley storage will itself be a 
ee of the rate of discharge from the uncontrolled parts of the drainage 

asin. 

The Army Engineers of the Pittsburgh District have been conducting 
extensive investigations into various analytical methods of flood routing and 
have adopted the so-called “coefficient method,” first used in the Muskingum 
Watershed Conservancy Project studies, as the mathematical type most 
applicable to their region. In this method of routing, the stream is divided into 
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routing reaches. The ends of these reaches are marked by stream-flow sta- 
tions, so selected that the time of flow translation between the reach limits is as 
nearly equal as possible and corresponds somewhat to the interval of time used 
in routing computations. The flood wave is then routed analytically through 
each reach. The inflow at the head of the reach is added to the computed 
tributary inflow throughout the reach; and the inflows are modified for time, 
and by valley and wave slope storage. The outflow at the reach termination 
is thus determined. The outflow so determined at the end of the reach is then 
checked against the actual flood hydrograph. A representative group of 
floods in the Upper Ohio Basin have been routed by this method and very 
close agreements between the reproduced flood hydrographs and the actual 
flood hydrographs have been obtained. The flood routing coefficients de- 
termined by this method of routing have been used in computing the reductions 
effected by the Tygart Reservoir at Lock 5 and at Pittsburgh. 


RESULTS FROM FLOOD-CONTROL OPERATION 


Floods Encountered.—It is a curious fact that, since the beginning of con- 
struction of the Tygart Dam, four floods have occurred that exceeded in crest 
magnitude all but one of the previous floods of a thirty-year period of record 
at this site. In descending order of peak discharge the first five floods of 
record on the Tygart River are those of July, 1912, October, 1937, April, 1939, 
February, 1939, and March, 1936. Since the dam was not fully completed until 
January, 1938, it was not possible to control all of the four recent large floods. 
Construction was not far enough advanced to have any appreciable effect on 
the flood of March, 1936; some control was exercised over the flood of October, 
1937; and, during the floods of February and April, 1939, the dam was in full 
operation. One other flood occurred in December, 1937, which, although of 
minor proportions on the Tygart River, occurred coincidentally with flood 
stage at Pittsburgh. 

October, 1937.—This flood was the second greatest of record on the Tygart 
River, reaching a peak reservoir inflow of about 52,000 cu ft per sec. The 
installation of the slide-gate machinery in the dam was not yet completed and 
one of the slide-gate conduits was closed by a bulkhead at this time. The 
upper reaches of the reservoir had not been completely cleared and the avail- 
able storage capacity, therefore, was limited. During this flood the dam was 
operated as a detention reservoir. All seven available slide gates and both 
needle valves were open from the beginning of the rise until the reservoir was 
again empty. The inflow into the reservoir so far exceeded the capacity of the 
outlet works at a low storage head that some 104,000 acre-ft of storage were 
impounded in the reservoir. The rainfall causing this flood on the Tygart 
River was general over the entire Monongahela Basin with the result that 
navigation locks on the Monongahela River were flooded out and flood stage 
at Pittsburgh was exceeded. Fig. 8(a) shows the hydrographs of the Tygart 
Reservoir inflow and outflow, and Figs. 8(b) and 8(c) demonstrate the effect 
of the reservoir on the flood hydrographs at Lock 5 and at Pittsburgh. 


4‘‘Muskingum River, Ohio (308), Vol. IV,” report of U. 8. Engr. Office, Zanesville, Ohio, December 
1, 1934. 
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December, '1937.—This flood was the first on which the Tygart Dam could 
actually be operated. The flood on the Tygart River itself was not particu- 
larly severe, the peak reservoir inflow being 22,000 cu ft per sec, but the flood 

stage at Pittsburgh was exceeded 
ta) RESERVOIR HYDROGRAPHS and the reservoir effected some 
reductions at this point. Fig. 
9(a) shows the reservoir inflow 
es Ae and outflow, and Figs. 9(b) and 
i ; 9(c) show the effect of the reser- 
voir on the hydrographs at Lock 
5 and at Pittsburgh. 

February, 1989.—This was a 
double-peak flood, the crests 
occurring on January 31 and 
February 4. The peak reservoir 
inflows were 28,000 cu ft per 
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proach of additional rain. Referring to Fig. 10(b), it can be seen that the rate 
of discharge was so calculated that the Monongahela River was held stationary 
about 2 ft below the lock walls at Lock 5, thus allowing navigation to pro- 
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ceed on the entire river. Near the beginning of the second flood wave, storage 
was again begun in an effort to reduce this crest at downstream points. The 
total volume of reservoir inflow from January 30 to February 5, inclusive, was 
about 264,000 acre-ft. The maximum storage in the reservoir at any one time 
was only 128,700 acre-ft, so that it is evident that, by this system of opera- 
tion, a possible third and greater peak could have been effectively reduced. 


# Sele 
2 Reservoir Inflow 
ag ~ 
237° 'z T mee : 
= au F, 
ive sae SS Reservoir Outflow 
&S 10 4 os Ses r 3 
ae 7, 
oO J =a ie 
2 5 Loe (az) RESERVOIR HYDROGRAPHS 
22 
x. Py, — sina 3 of Lock Walls 
mw 
i 
= } a Actual ag tent Stage 
£18 
ee ay 7 
= Probable Stage Without 
0016 (hele: Pe Tygart Dam Operation 
Balt Js 3 oS es 
o Y AeA 
a “= 
314 oe + —— 
ie Vm (6) RIVER STAGES AT LOCK 5 
26 a at \ —Flood Stage 
a7) 
i 22 N = ss 
£ Actual Recorded Stage 
& 18 a ee a \ 
(5) + =F 
= i Probable Stage Without ie 
Tygart Dam Operation 
50 “N 
214 +— 
= i 
& (c) RIVER STAGES AT PITTSBURGH = 
10 


16 17 18 19 20 21 22 23 24 25 26 27 28 
December 1937 


Fig. 9.—F.Loop or DrcremsBer, 1937 


April, 1939.—At the beginning of April, 1939, storage was started in the 
reservoir for the purpose of impounding 100,000 acre-ft for use during the low- 
water season. The natural discharge of the Tygart River during the first 
two weeks of the month was such that about 90,000 acre-ft had already been 
impounded by April 14. With this volume of storage already in the reservoir 
another major flood occurred on the Tygart and Monongahela rivers. A 
peak reservoir inflow of 44,000 cu ft per sec on April 16 places this flood third 
in order of crest magnitude in the history of the Tygart River. A large flood 
of this type, occurring with the low-water storage already in the reservoir, 
- furnished a thorough test of the capability of the Tygart project to perform 
its dual function of flood control and water supply. The results, as shown in 
Fig. 11, were satisfactory. During this flood the reservoir pool reached the 
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highest level yet attained at El, 1,144.75, representing a gross storage of 220,075 
acre-ft. Although the net storage during the flood period was about 131,000 
acre-ft there was still about 68,000 acre-ft of storage capacity available. 
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Minor Rises on Monongahela River—There are frequent occasions through- 
. out the year when a sharp rise in the rivers will threaten the suspension of 
Monongahela River navigation without approaching actual flood damage 
stages. On these occasions the Tygart Reservoir is utilized to equalize, as far 
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as possible, the flow of the Monongahela River without’ storing an unduly 
large volume of water. Experience has indicated that the detention reservoir 
method of operation, maintaining a fixed number of gate openings, is effective 
on these minor rises. A typical example of this type is given in Fig. 12(a), 
showing operation during a rise in March, 1940. Fig. 12(b) shows that the 
Monongahela River would have overtopped the walls at Lock 5 had it not been 
for the storage in the reservoir. Obviously, a somewhat greater reduction in 
the stage at Lock 5 could have been 
obtained by further reducing the reser- 
voir outflow. However, on such fre- 
Reservoir Inflow quent rises of this low-stage type, it is 
| not believed advisable to impound too 
much storage in the reservoir lest its 
effectiveness be impaired should a major 
flood follow a series of minor rises. 
Review of Flood-Control Operation. — 
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Probable Stage Without Studies are continuously in progress to 


determine the method of operation that 
will result in obtaining the maximum 
monetary benefits and will be equally 
satisfactory to flood control and naviga- 
tion interests. The operation during 
these first two years, therefore, should be 
considered experimental. During the 
flood of December, 1937, an effort was 
made to correlate the time of reservoir 
storage withthe river stage at Pittsburgh. 
As a consequence, the maximum pos- 
6 sible rate of storage was delayed until 

March 1940 ° . 
Be ott We ne lacet ian nearly the time of the peak reservoir 
inflow. The rate of discharge, also 
based on the Pittsburgh gage, produced somewhat undesirable conditions on the 
Monongahela River. In the flood of January-February, 1989, it was found that 
an attempt to maintain a fixed passing flow during the storage period, and an 
increasing discharge rate after the flood had passed, resulted in excessive manip- 
ulation of the gates and valves and an extremely irregular hydrograph im- 
mediately below the dam. This flood also emphasized the fact that, to be most 
effective, storage must be started in the reservoir at the beginning of the rise in 
inflow without waiting for a predetermined stage at some downstream point. 
Somewhat better results might have been obtained had storage been started 
about six hours earlier on the second peak. During the flood of April, 1939, 
the operation was predicated largely upon forecasted stages at Lock 5. The 
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passing flow during the storage period was maintained at the capacity of one 
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slide gate, thus increasing the outflow as the available storage capacity was 
decreased. The rate of discharge after the flood peak had passed permitted 
the Monongahela River to maintain a steady recession at the navigation locks 
and was satisfactory to navigation interests. The operation during this April 
flood is believed to be the most successful yet attained and will be used as a 
guide on future floods of a similar nature. 

Monetary Benefits from Flood Control.—In planning the system of flood- 
control reservoirs a very comprehensive study was made of flood damages in 
the Upper Ohio River Basin to determine the benefits that would result from 
reductions of flood peaks. The details of this damage study are quite extensive 
and only the results are presented herein. The Monongahela Valley has been 
divided into three damage districts as follows: Pittsburgh District, from the 
junction of the Ohio and Beaver rivers to Lock 2, Monongahela River; McKees- 
port District exteriding from Lock 2, Monongahela River to Lock 4, Monon- 
gahela River; Upper Monongahela District from Lock 4 to the head of the 
river. Damage curves for these three reaches of the river, as developed from 
the comprehensive study of flood damages, are shown in Fig. 13. The reduc- 
tions of the crests effected by the Tygart Reservoir on the floods shown in 
Figs. 8 to 12 were applied to the damage curves to determine the flood-control 
benefits attributable to the Tygart project. The results in detail are presented 
in Table 1, the total sum being $2,818,000. 


TABLE 1.—Economic BENEFITS, OPERATION oF TyGartT Dam 


Lock anp Dam 5 Lock anp Dam 3 Prrrspurau, Pa. 
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oe Redue- Se Reduc- | Bene- pes Reduc- Bene- fits 
height| on° fits? heighte| tions fits> height2| /tione fits 


Oct. 29, 19372... 4... 28.9 3.8 180 28.9 3.7 980 | 27.8 | 1.6 520 1,680 
Dec. 18 and 19, 1937 | 21.9 1.1 20.9 0.8 0} 27.4 0.5 100 105 
Jan. 31, 1939....... 24.0 2.2 23 22.9 1.9 160 | 23.3 0.8 0 183 
Hebe 41939000... 27.9 3.0 70 27.5 2.3 240 | 25.4 0.6 70 380 
Apr. 17, 1939...-... 26.1 3.8 85 25.3 3.0 385 | 23.2 1.8 0 470 

ARC CBAC S aera 363 1,765 690 2,818 


«Feet. » Thousands of dollars. 


Low-WatER REeGuLaTion; NaviGATION 


One of the primary purposes of the construction of the Tygart Dam was 
to provide a storage reservoir to supply an adequate flow for navigation during 
the low-water season. Prior to the construction of the Tygart Dam, there 
were many occasions when the natural flow in the Monongahela River was 
not sufficient to maintain full pools behind the navigation dams. When the 
volume of water required for lockages, plus the normal leakage past the dams, 
~ exceeded the natural flow of the river, the pools would recede below the dam 
crests and the navigable depths in the pools would be reduced, thus necessi- 
tating lighter loading of barges and an increased number of towboat trips to 
haul the same tonnage. The historic example is the drought of 1930 at which 
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time navigation was completely suspended above the pool of Lock and Dam 7, 
and was maintained at a restricted rate below Lock 7 only by virtue of water 
obtained from a hydroelectric development on the Cheat River. The action 
of the Tygart Reservoir in alleviating this condition during the two years 1939 
and 1940 has been effectively demonstrated, especially during the late summer 
and early fall of 1939 when the most severe low-water conditions since 1930 
were encountered. Fig. 14 shows the daily reservoir pool elevations for 1938 
and 1939, demonstrating the time and rate of storage and discharge. 
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In 1938 it was not possible to begin storage in the reservoir in April (as 
called for on the operation schedule) because of complications in land acquisition 
in the reservoir area. Storage was finally begun late in June, and by July 20 
about 40,000 acre-ft had been impounded by limiting the outflow to 100 cu ft 
persec. Fortunately the natural flow of the Monongahela River was sufficient 
to permit this procedure. On July 20 and 21 a storm occurred over the Tygart 
Basin and, by storing almost the entire runoff, the full storage pool of 100,000 
acre-ft was obtained by August 1. 

Release of this storage was begun on August 6 when the Monongahela 
River began to recede to low stages, and proceeded continually to November 18. 
The data in Table 2, Col. 2, demonstrate the increase in the low-water flow 
provided by the reservoir storage during this period. 

The low-water season of 1938 was not particularly severe except for about 
two weeks in late August and early September. However, the effect of the 
release of storage from the Tygart Reservoir produced conditions so far superior 
to those experienced in normal years that this feature of the reservoir operation 
resulted in widespread public approval. A head of 0.5 ft was maintained on 
the crests of the navigation dams on the Monongahela River from Dam 15 
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to Dam 7, inclusive, throughout the low-water period. Below Dam 7 the head 
on the dam crests was less than 0.5 ft due in part to the greater number of 
lockages in the lower reaches of the river. In late August and early September 
the pools behind Dams 5 and 6 receded to the dam crests and the additional 


TABLE 2.—Low-WatTEeR REGULATION 


Description 1938¢ 1939° 
(1) (2) (3) 

Total volume of storage released, in acre-ft........ 0. cece eee ete ee eee eens 69,800 60,950 
Average rate of release, in cu ft per sec............ TOTO aoe ROR ODE Ur IIT Or, 334 433 
Average discharge, Monongahela River at Lock 15, in cu ft persec.......-....... 570 624 
Percentage supplied from Tygart storage reservoir. ... 1.0.2... 220s sees ee ee eens 58.7 69.5 
Average discharge, Monongahela River at Lock 5, in cu ft per sec...........-..-. 1,404 1,135 
Percentage supplied from Tygart Storage reservoir...........- eee eee ener eee eee 23.8 38.2 


4 August 6 to November 18. % August 15 to October 25. 


water being provided by the Tygart Reservoir was just sufficient to keep these 
pools full. It was quite apparent that without this water supply the normal 
depth in these pools could not have been maintained. 

In April, 1939, storage was begun in the reservoir in accordance with the 
operation schedule. The flood that occurred on April 15 and 16, described 
previously herein, necessitated storage in the reservoir far above the low- 
water storage pool. Following this flood the reservoir was drawn down from 
the crest of El. 1,144.75 to El. 1,077 on April 27. Storage was then impounded 
at a gradual rate to attain the full low-water storage pool at El. 1,094 late in 
May. Natural river discharge during June and July was such that no discharge 
of the Tygart storage was necessary. Beginning on August 15 and extending 
to October 25 severe low-water conditions were experienced in the Monongahela 
Basin, and the release of storage from the Tygart Reservoir was responsible 
for maintaining unrestricted navigation on the Monongahela River. The data 
in Table 2, Col. 3, illustrate the effectiveness of the reservoir on the Mononga- 
hela River discharge. 

As a result of this regulation by the Tygart Reservoir, conditions on the 
Monongahela River were maintained much the same as during the previous 
year. A 0.5-ft head was held on the dams from Lock 15 to Lock 7, whereas the 
pools at Locks 6 and 5 were barely full. The marked deficiency of rainfall and 
the acute low-water conditions on other streams of the Pittsburgh District 
made the effect of the Tygart storage on the Monongahela River quite apparent 
to the general public and many favorable comments were expressed by those 


interested in river transportation. 


Evaluation of the monetary benefits attributable to the Tygart Reservoir 
during this period were made through recourse to the records of the 1930 
drought. In that year the low water began about J uly 1 and by July 20 the 


_ pool at Lock 5 had receded 4 ft below the crest of the dam, and navigation was 


seriously impaired. Several slight rises in discharge increased the pool depth 
about 2 ft, but in mid-September a deficiency of slightly more than 4 ft existed 
and navigation authorities declared that, should conditions become any worse, 
it would be impossible to navigate towboats on the Monongahela River. Sub- 
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sequently, arrangements were made to obtain the storage impounded in the 
hydroelectric development on the Cheat River for low-water control. This ad- 
ditional flow was just sufficient to maintain navigation in the lower part of the 
Monongahela River, but in the upper reaches of the Monongahela River, above 
Lock .7, the pools with the exception of Lock 10 were completely empty and 
navigation had ceased entirely. 

A comparison of the stream-flow records of 1930 and 1939 reveals, of course, 
that the 1930 drought was more prolonged and severe than that of 1939. 
However, the conditions experienced from mid-August until late October in 
1939 are comparable with the early period of the 1930 drought. 

Since the increase in flow (amounting to a total of 60,950 acre-ft) provided 
by the Tygart Reservoir was barely sufficient to keep the low Monongahela 
navigation pools full, it is certainly evident that under natural conditions these 
pools would have been well below the dam crests. 

In 1930 information was obtained from the larger companies engaged in 
‘Monongahela River traffic to the effect that complete-suspension of navigation 
would result in increased direct costs to these companies of about $1,230,000 
per month. It was also estimated at that time that restricted navigation with 
the pools below the dam crests resulted in increased costs of approximately 
$139,000 per month. The average monthly Monongahela River tonnage for 
July, August, and September of 1930 was 2,130,930 tons. In August, Sep- 
tember, and October of 1939 the average monthly tonnage was 2,160,900 tons. 

The navigation pools of the river would have unquestionably fallen below 
the critical dam crests for at least two months in 1939 and, since the volume of 
traffic was comparable to that of 1930, a direct saving of at least $140,000 per 
month, or $280,000 for this low-water period, was effected. A determination 
of the exact amount which the navigation pools would have receded under 
natural conditions was considered inadvisable, as the quantity of water lost 
by leakage can only be approximated. It is problematical, therefore, whether 
or not navigation could have been maintained even constantly in a restricted 
manner throughout the dry period without additional water supply. The cost 
figures obtained in 1930 pertain only to the additional cost of providing coal 
_ by means other than river shipment to the industries normally served by water 
transportation. The far-reaching indirect effects of disrupted transportation 
and delayed shipments upon the plants immediately concerned and the general 
effect upon other related industries cannot be readily reduced to a money basis. 
Therefore, the estimated saving of $280,000, representing only direct additional . 
costs of coal shipments and based on the assumption that navigation could 
have continued in a restricted manner without the Tygart Reservoir, is believed 
to be extremely conservative. 


Low-WavER REGULATION; WATER SUPPLY AND SANITATION 


General.—The seasonal storage in the Tygart Reservoir and the regulation 
during the low-water periods is based primarily on the demands of Monongahela 
River navigation. However, since this river is extensively used as a source of 
domestic and industrial water supply and at the same time as a disposal channel 
for sanitary and industrial wastes, any increase in the seasonal low-water flow 
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constitutes a major benefit to industry and to the general public in the Monon- 
gahela Valley. Deplorable conditions existed in the Monongahela River during 
the 1930 drought, constituting a serious menace to the public health. The 
improved condition of the river water since the Tygart Dam has been placed 
in operation has been quite apparent at the water works and industrial plants 
on the river. 

Quality of Tygart River Water—In the drainage area tributary to the 
Tygart Reservoir there is a sewered population of from 15,000 to 20,000 persons 
discharging domestic wastes directly into the river. Industrial development 
above the dam is sparse, there being but two plants of any size using the river 
for industrial disposal. During periods of low-water flow the West Virginia 
State Department of Health has recognized major sewage nuisance conditions 
in the vicinities of Philippi, Buckhannon, Belington, and Elkins and sewage 
treatment plants are contemplated for the latter two towns. There has been 
rather extensive coal-mining activity in the area above the reservoir, and the 
drainage from abandoned mines imposed an acid load upon the streams. Ac- 
tivities of the federal government in the mine-sealing field have resulted in the 

sealing of 124 out of 187 aban- 


TABLE 3.—IncreEase IN River doned mines above the Tygart 
DISCHARGE Reservoir. 
. The storage period of the 
lo 3 = : 
Tyeart River* Ruver~—Ssis XT'ygaart’ Dam _ begins early in 
; April (see Fig. 6). Ordinarily the 
Period No. of f y 
ending days Average athe Average Lacie major part of the 100,000 acre-ft 
ahaa: ieee eee eee of storage will be impounded 
during the spring freshets of 
Aug. 31¢.| 26 637 52 2,181 15 : : 
Seni. 15..) 15 485 89 1/186 36 April and May. During these 
Sept. 30. ‘ 0 50 1,325 17 . , : 
Oct. 31...+ 31 447 86 366 45 periods of high river stages the 
preted AGRA TES Cate hice 22 water is turbid but relatively 
A ; : 
es [Se POE eS) AL SOE nee pure, and this vast supply in the 
June 15/.| 9 785 56 3,053 15 ; i 
Tune 2. P 2,430 31 5.288 93 reservoir serves as an effective 
uly 19...) 13 : 312 15 iluti i : 
July 29:..| 16 21358 25 0287 : eae basin for the contam 
ug. BS F 4 19 - i 
gam 8 31 830 as ee 19 inated low-water flow in the dry 
Oct. 26...| 26 464 93 1,126 38 summer months. The City of 
: Grafton, immediately below the 
Average..| (146)e 858 By, 2,303 21 : . 
dam, obtains its raw water sup- 
Average? .| (248) 719 60 1,933 22 1 : * 
: ply directly from the reservoir 


ee At the | dam, * In cubie feet per second., At and considers this source fal 
# Beginning June 7, 130. # Average, both periods. ~*~‘ Superior to the run-of-river sup- 
ply previously used. The West 
Virginia Department of Health 
has classified the water in the reservoir as “safe.” 

Chemical analyses of the water discharged from the reservoir during the 
past summers have been made and the average values are as follows: Alkalin. 
ity, 5 ppm; soap hardness, 29 ppm; turbidity, 7 ppm; free carbon dioxide 
(CO:), 3 ppm; potential of hydrogen (pH), 6.1; temperature, 68° F; and indi. 
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cated number of B. coli (24 hr presumptive), 1 per 10 million. Turbulent dis- 
charge through the needle valves insures a dam-site flow that is high in dis- 
solved oxygen, thus aiding in the assimilation and purification of domestic and 
other wastes that have a high oxygen demand. 

Increase in Flow of Monongahela River —Disposal by dilution is an accepted 
method of handling almost all of the common wastes incident to human and 
industrial activities. The success of the method is dependent upon the 
quantity and quality of diluting water available. The quality of the Tygart 
Reservoir water has been discussed, and Table 3 gives the increase in low-water 
flow supplied to the river during various critical periods of 1938 and 1939. 
Under: the heading: ‘‘Low-Water Regulation; Navigation,’ average values 
were given for the increase in the low-water flow for a continuous period in 
1938 and 1939. The values contained in Table 3 are for intermittent critical 
periods and are based at different points. 

Chemical Changes in Monongahela River—An estimate has been made of 
the probable effect of the Tygart Reservoir on the chemical characteristics of 
the Monongahela River during the low-water seasons of 1938 and 1939. 
Chemical analyses of the reservoir water and of the river as recorded by the 


TABLE 4.—TyGart Dam OprRATION Errect on Actpity AND HARDNESS 
IN MoNONGAHELA RIVER 


(Reductions in Parts per Million; Averages Are Weighted for Time) 


McKesgsrort, Pa. haere 1206 
(ABOVE ELOW 
Bary CHARLEROI, Pa. AOR GATOC HINT: Vornnia dime ee hi Pa. 
1938 and 1939 Bryne) Rive) 
Hardness | Acidity | Hardness | Acidity ‘| Hardness} Acidity | Hardness | Acidity 

Aug. 6 to 31..../.... 21 4 25 6 19 5 19 2 
Sept. HOWL Pace ceress a . 60 ap 73 13 49 12 65 tf 
Sept. 19 to 30....... 45 8 46 9 27 6 31 4 
Octal to.3.. - de Soin. 78 13 131 31 83 19 97 8 
Nove ttodeie. oes. 44 4 61 12 46 10 53 4 
Average (1938)...... 51 8 73 16 49 11 57 5 
Wune-7,t0 LGcclss ais. 22 4 28 4 16 2 18 1 
gune 24't0 27........ 23 2 18 2 13 1 9 0 
July 7 to 19 13 il 11 if 9 1 10 0 
July 24 to 29 8 1 4 1 5 1 6 0 
Aug. 1 to 31.. HES 30 3 25 4 25 4 28 2 
mept 1 tos05...... 129 14 121 14 105 11 111 5 
Oct. 1 to 26. 1.66.54. 133 16 144 15 114 11 ie) uf 
Nov. 4t0, 302 ...5 2. 62 8 28 4 30 4 32 1 
Average (1939)...... 72 8 64 8 55 6 57 3 
Average 

(1938 and 1939)... 63 8 68 11 52 8 57 4 


various water works and industrial plants along its course were obtained con- 
tinuously throughout these periods. The approximate natural discharge of 
the river, as it would have been without the additional discharge from Tygart 
Reservoir, was determined. Stream-flow records were investigated to find 
years prior to the construction of Tygart Dam when the Monongahela River 
discharge compared closely with the natural discharge during 1938 and 1939. 


SE ge eters 2 
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From the past records of water works and industrial plants the chemical 
characteristics of the water during these years of similar flow were obtained. 
After a thorough study of all the factors involved a computation was made of 
the chemical effect of the Tygart Reservoir water and the results are shown 
in Table 4. 

Monetary Benefits—The total quantity of water consumed for various 
purposes throughout the length of the Monongahela River was determined by 
a field investigation of the records of the municipal water works and industrial 
plants. These dataareshownin Table 5A. At thesame time time the method 


TABLE 5A.—WatTER CONSUMPTION, TABLE 5B.—MOongeETARY 
MononGaHELA River, In MGD BENEFITs (ADD 000) 
INDUSTRIAL Domestic INDUSTRIAL 
F Total 
River reach Year Do- Cool- annual 
(see Fig. 1) mestic | Cool- Boil Neu- | goft- ing | Boiler | values 
ing fail xe tral- “ ‘i water | water 
water ts ization | ©™& | treat- | treat- 
ment | ment 
Fairmont, W. Va., to 1938 10 95 2 0.4 8.5 3.9 2.6 15.4 
Charleroi, Pa. 1939 10 175 3 0.6 17.1 10.2 7.9 35.8 
Charleroi, Pa., to 1938 4 120 5 0.2 6.3 7.3 7.9 21.7 
McKeesport, Pa. 1939 4 220 9 0.2 9.9 12.8 22.3 45.2 
McKeesport, Pa., to 1938 | 18 415 12 0.7 24.3 | 169 | 16.2 | 58.1 
Pittsburgh, Pa. 1939 | 18 750 21 0.6 36.8 | 24.6 | 42.9 | 104.9 
Totals: 1938 1.3 39.1 | 28.1 | 26.7 | 95.2 
1939 1.4 63.8 | 47.6 | 73.1 | 185.9 
1938 and 1939 2.7 | 102.9 | 75.7 | 99.8 | 281.1 
. 
and cost of water treatment were ascertained to be as follows: 
Neutralization (lime at $12.00 per ton), in cents per million gal, 
per ppm-ol jacidity neutralized as \i.05.4 2. -s Ge be ak ee 5 
Softening (lime at $12.00 per ton and soda ash at $1.25 per 100 lb), 
in cents per million gal, per ppm of hardness removed...... 25 


A combined adjustment of water consumption with the reduction in acidity 
and hardness effected by the Tygart Reservoir and the unit costs of water 
treatment (in thousands of dollars) produce total monetary benefits as shown 
in Table 5B. 

Review of Water-Supply Benefits—The monetary benefits in Table 5B 
include only the estimated savings in actual water treatment. No attempt 
has been made to assign monetary values to various factors, such as the in- 
creased oxygen-carrying capacity that aids in the assimilation of domestic 
sewage and other organic and inorganic wastes. The possible effect on the 
Ohio River below Pittsburgh has also been omitted. The estimates of mone- 
tary benefits, therefore, are believed to be conservative. 

Although the operation of the Tygart Dam for low-water supply is only 
one step forward in the desired purification of the rivers of the Upper Ohio 
Basin, the presence of this reservoir does insure the population of the Monon- 
gahela Valley against repetition of the conditions of 1930. This feature of the 
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project is an important by-product of the primary functions of navigation and 
flood control. 
: CoNCLUSION 


The total monetary benefits attributable to the Tygart Dam for the first 
two years of operation are as follows: Flood control, $2,818,000; navigation, 
$280,000; and water supply, $281,100—a total of $3,379,100. Monetary 
benefits have been determined only where direct savings to the public can be 
shown. The direct benefit for the maintenance of navigation is most mislead- 
ing because, as explained previously, many intangible factors, including delay 
and disruption of industrial production, are too complicated to be evaluated 
fully in a paper of this nature. The effect of the Tygart Reservoir in maintain- 
ing unrestricted navigation on the Monongahela River throughout the summer 
and fall of 1939 is probably the greatest single benefit attributable to this project. 

The moderate reductions effected on flood crests at Pittsburgh by this one 
reservoir, controlling only about 6% of the total drainage area of the combined 
Allegheny and Monongahela rivers, serve as an indication of results that may 
be obtained from the proposed ten-reservoir system. It is also worthy of 
mention that, although the net reduction in the flood peak is the most important 
factor in evaluating flood damages, there is also the factor of time that the 
river remains above damage stage. On some of the floods discussed herein the 
degree of synchronization of the peak discharges of the Tygart River with 
those at Pittsburgh was such that only a small reduction in crest stage was 
effected, but it was accompanied by a much greater reduction during the recession 
of the flood, with a corresponding reduction in the time that the river remained 
above flood stage. This time element is particularly important at the locks 
of the Monongahela River, and the reduction in the time that these locks would 
have been out of service is one of the important intangible benefits to which no 
monetary values have been ascribed. 

These first two years of operation most probably do not represent average 
annual conditions since three of the five largest floods of record on the Tygart 
Basin occurred during this time and the Monongahela Basin experienced one 
of the worst droughts in its history. On the other hand, only small floods with 
_ low damages have occurred at Pittsburgh during this period. A small reduc- 
tion on a larger flood would result in greater flood-control benefits than have 
thus far been obtained on any individual flood. 

In conclusion, it is believed that the results achieved thus far by the Tygart 
Dam, even in the experimental stage, amply justify the funds expended for 
its construction and operation and are the most conclusive proof that can be 
offered for the extension of the flood-control system of the Upper Ohio River 


Basin. 
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CONSUMPTIVE USE OF WATER 
FOR AGRICULTURE 


By ROBERT L. Lowry, Jr.,1 M. Am. Soc. C. E., AND ARTHUR F. 
JOHNSON,” Assoc. M. Am. Soc. C. E. 


SYNOPSIS 


Transpiration and evaporation, together accounting for practically all con- 
sumptive use of water, have been shown by experimental investigations to be 
influenced by climatic factors, of which temperature gives one of the better 
correlations. Consumptive use in a number of adequately watered irrigated 
valleys and humid watersheds, representing a wide range in climate, latitude, 
elevation, and type of crops, is shown in this paper to bear a straight-line rela- 
tion, within narrow limits, to accumulated daily maximum temperatures above 
32° F during the growing season. Factors responsible for deviations from 
average consumptive use are discussed. The relation of consumptive use to 
growing-season temperatures offers to the engineer a ready means of estimating 
probable consumptive use on projects under investigation as an initial step in 
determining the irrigation requirement at the farm or at the point of diversion. 
Short descriptions of each area studied, with summaries of annual data, are 


given in the Appendix. 


INTRODUCTION 


The problems of consumptive use of water have been studied intermittently 
by engineers of the Bureau of Reclamation since the early years of the organiza- 
tion. The relation of consumptive use to temperatures was first studied in the 
Bureau in 1920. Other approaches have been made from time to time. Many 
engineers have collaborated in the studies, and this paper, therefore, is the re- 
sult of accumulated effort of the organization. 

The study was made for the purpose of obtaining a working basis for es- 
timating the probable annual consumptive use of water on projects under 


Norz.—Written comments are invited for immediate publication; to insure publication the last dis- 
cussion should be submitted by August 15, 1941. 

1 Hydr. Engr., National Resources Planning Board, Pecos River Joint Investigation, Roswell, N. Mex.; 
formerly Engr., Bureau of Reclamation, Denver, Colo. 

2 Associate Engr., Bureau of Reclamation, Denver, Colo. 
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investigation for conditions of full development with an adequate water supply. 
With consumptive use known, estimates of irrigation requirement may be made 
by taking into account the effective precipitation and expected losses incident 
to the diversion and application of the water consistent with the characteristics 
of the individual project studied. Efforts were directed toward finding a de- 
pendable correlation between consumptive use and some factor that influences 
consumptive use, or some related factor for which records are readily available 
in most areas, such correlation to be used in estimating the consumptive use 
on the areas under investigation. Growing-season temperatures were found to 
be more satisfactory than other factors studied, and this paper discusses their 
use for this purpose. 

The determination of consumptive use for agriculture, in its full sense, in- 
volves allowance for consumptive use by nonagricultural areas also. Where 
nonagricultural use is limited to precipitation, it need not be considered, but, 
where it is supplied in part from present or potential irrigation supplies, it 
cannot be neglected. On many projects, control or elimination of nonpro- 
ductive water uses may determine the feasibility of additional agricultural 
development. In this study an attempt has been made to evaluate non- 
agricultural losses contributing to valley consumptive use in order to arrive at 
the true value of consumptive use for agriculture. 


DEFINITION 


In a basic sense, consumptive use* is “* * * the quantity of water, in acre- 
feet per cropped acre per year, absorbed by the crop and transpired or used 
directly in the building of plant tissue, together with that evaporated from the 
crop-producing land.’”’ The Committee’s definition of valley consumptive use 
includes also the consumptive use on the uncropped area and nonrecoverable 
deep-soil percolation. Valley consumptive use is represented by the difference 
between annual inflow to the valley (consisting of surface and subsurface move- 
ment of water into the valley and of precipitation) and the total outflow there- 
from in the same period (consisting of surface and subsurface movement of 
water out of the valley), with appropriate correction for changes in surface and 
subsurface storage. For the purpose of this paper, the Committee’s definition 
of valley consumptive use has been modified by the omission of the term 
“nonrecoverable deep percolation loss” and the substitution of the term 
“equivalent valley area” for cropped or irrigated area. ‘‘Nonrecoverable deep 
percolation loss” is a form of outflow independent of the factors influencing 
transpiration and evaporation, the forms of use primarily considered herein. 
An effort has been made to limit consideration to valleys where deep percola- 
tion losses are believed to be negligible. The equivalent valley area in each 
case comprises the entire area or valley (except for areas consuming no stream 
flow), reduced to an area consuming water at a rate equivalent to that by the 
cropped area. Every area considered contains open water or waterlogged 
areas from which the loss of water is materially higher than on cropped lands, 
and the abnormal use on such areas counterbalances the incomplete supply on 


_ §“‘Consumptive Use of Water in Irri ation,’’ Pr , i 
Irrigation Div., Transactions, Am. Soc. c E., Vol. Satie ited a bible Mee iy 
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cropped areas. There are often also extensive areas with partial supplies feed- 
Ing on ground waters or surface wastes from the irrigated areas. 


EARLIER INVESTIGATIONS 


Many studies have been made for the purpose of determining consumptive 
use of water. These earlier studies usually have been undertaken for special 
purposes. They reflect many different conceptions of the meaning of consump- 
tive use, and therefore are not generally comparable. Their results must be 
interpreted in terms of their purposes. ‘ 

Tank Experiments——Some of the first experiments on consumptive use were 
aimed at measuring plant transpiration in relation to growth, and many of 
these were designed to eliminate surface evaporation. The laboratory experi- 
ments of T. A. Kiesselbach,‘ L. J. Briggs and H. L. Shantz,5 and many others, 
with tanks and potometers, have demonstrated that, with other factors con- 
stant, production of dry matter for any one crop varies in direct proportion to 
the quantity of water transpired, over a wide range, but that plant efficiency is 
affected by soil fertility, frequency of cutting, and many other factors. The 
efficiencies of various plant species were also found to vary widely under 
similar conditions. 

Other experimenters have used tank data as a basis for estimating con- 
sumptive use. J.C. Stevens,® M. Am. Soc. C. E., used the Briggs and Shantz 
data for various crops in estimating consumptive use by applying the relation 
between transpiration and dry matter produced to crop yields. W.C. Ham- 
matt’ and E. B. Debler,? Members, Am. Soc. C. E., and others, have made 
more direct application by endeavoring to simulate natural conditions. The 
integration method used by H. F. Blaney,®* 19 M. Am. Soc. C. E., involves the 
determination of the consumptive use of various types of crops, native vegeta- 
tion, and soil surfaces by experiments using undisturbed samples in tanks set 
in the native habitat of the plants. The rates of use so determined are weighted 
by the area devoted to that type of use within the study area or valley to obtain 
the total consumption and weighted average use. 

Because of the difficulty of simulating natural conditions and eliminating 
individual differences, tank experiments were declared by the Duty of Water 
Committee? to be of questionable value. The improved equipment and meth- 
ods now available remove many of the uncertainties characterizing early tank 


experiments. 


4‘‘Transpiration as a Factor in Crop Production,” by T. A. Kiesselbach, Research Bulletin No. 6, 
Nebraska Agri. Experiment Station, 1916. 

5‘‘The Water Requirements of Plants,” by L. J. Briggs and H. L. Shantz, Bulletins Nos. 284 and 285, 
Bureau of Plant Industry, 1913; ‘‘Relative Water Requirements of Plants,’’ by the same authors, Journal 
of Agricultural Research, Vol. 3, 1914, pp. 1-64; and ‘‘The Water Requirements of Plants at Akron, Colo- 
rado,” by H. L. Shantz and L. N. Piemeisel, loc. cit., Vol. 34, 1927, pp. 1093-1190. 

6‘*The Duty of Water in the Pacific Northwest,” by J. C. Stevens, Transactions, Am. Soc. C. E., Vol. 
LXXXIII (1919-1920), p. 2094. 

7 ‘Determination of the Duty of Water by Analytical Experiment,” by W. C. Hammatt, loc. cit., 
p. 200. 
8‘‘Final Report on Middle Rio Grande Investigations,” by E. B. Debler, Bureau of Reclamation, 
May, 1932 (unpublished); see also discussion by Ivan E. Houk, M. Am. Soc. C. E., of ‘‘Experiments to 
Determine Rate of Evaporation from Saturated Soils and River-Bed Sands,” by Ralph L. Parshall, Assoc. 
M. Am. Soc. GC. E., Transactions, Am. Soc. C. E., Vol. 94 (1930), pp. 982-995. 

9‘‘Rainfall Penetration and Consumptive Use of Water in Santa Ana River Valley and Coastal Plain,”’ 
by H. F. Blaney, and Colin A. Taylor and A. A. Young, Assoc. Members, Am. Soc. C. E., Bulletin No. 33, 
California Div. of Water Resources, 1930. 

10 ‘‘Regional Planning—Part VI, The Rio Grande J oint Investigation in the Upper Rio Grande Basin 
in Colorado, New Mexico, and Texas, 1936-1937, Pt. III, Water Utilization,” by H. F. Blaney and others, 


National Resources Committee, 1938, pp. 295-427. 
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Plot and Farm Experiments.—A large number of plot experiments are con- 
stantly in progress at the many federal and state agricultural experiment 
stations. Although many of these studies are directed toward comparison of 
plant varieties as to yield, resistance to heat, cold, plant diseases, etc., there 
have also been many experiments (such as those conducted by J. A. Widtsoe™ ” 
and F. §. Harris" in Utah; W. L. Powers" in Oregon; M. R. Lewis,° M. Am. 
Soc. C. E., and D. Bark'® in Idaho; R. G. Hemphill’7 in Colorado; and W. H. 
Snelson!* in Alberta, Canada) that have been directed toward use of water. 
These experiments have shown definite relations between production and appli- 
cation of water under farm conditions and have contributed much to irrigation 
practice. Generally, they have not attempted to measure deep percolation 
losses and surface wastes, and so have fallen short of determining consumptive 
use. 

Project Studies——In some cases, studies of project areas, such as those by 
W. G. Steward and D. J. Paul!? and L. Crandall,2® M. Am. Soc. C. E., in Idaho, 
have met the requirements for determination of valley consumptive use in 
method. In general, such studies do not account for uses of water outside the 
irrigated or cropped area, and the entire use is charged" against such area. 
The increasing necessity for conservation of water resources requires that use 


of water by nonproductive areas be considered in relation to irrigation efficiency, 


and in the future most studies must be made valley wide. 
Valley Studies—Many studies of valley consumptive use have been made 
using inflow-outflow methods and the data submitted as testimony in water- 
right adjudications and interstate suits. Among these may be mentioned the 
following: Sevier Valley, Utah*!; Cache la Poudre Valley, Colorado!’; Cache 
la Poudre and South Platte valleys, Colorado, and Little Laramie Valley, 
Wyoming”: 3; Arkansas Valley, Colorado*; San Luis Valley, Colorado”; 


u“*The Production of Dry Matter with Different Quantities of Irrigation Water,” by J. A. Widtsoe, 
Bulletin'No. 116, Utah Agri. Experiment Station, 1912. 5 
12°*The Yield of Crops with Different Quantities of Water,” by J. A. Widtsoe, Bulletin No. 117, loc. cit. 
13 ““The Duty of Water in Cache Valley, Utah,” by F. S. Harris, Bulletin No. 173, loc. cit., 1920. 
14 ““Trrigation and Soil Moisture Investigations in Western Oregon,” by W. L. Powers, Bulletin No. 140, 
Oregon Agri. Experiment Station, 1914. 
15 “Experiments on the Proper Time and Amount of Irrigation, Twin Falls Experiment Station, 1914, 
1915, and 1916,” by M. R. Lewis (U. S. Dept. of Agriculture cooperating with Twin Falls County Com- 
missioners, Twin Falls Canal Co., and Twin Falls Commercial Club, 1919). 


16 ‘“EXxperiments on the Economical Use of Irrigation Water in Idaho,”’ by D. Bark, Bulletin No. 339, 
U.S. Dept. of Agriculture, April 21, 1916. 
ashi “Irrigation in Northern Colorado,” by R. G. Hemphill, Bulletin No. 1026, U.S. Dept. of Agriculture, 


_18 “Irrigation Practice and Water Requirements for Cropsin Alberta,” by W. H. Snelson, Irrigation 
Series, Bulletin No. 6, Dept. of the Interior, Canada, 1922. Irate : 


19 “Report on Drainage Investigations of Pioneer and Nampa-Meridian Districts in Boise Valley for 
the Years 1916 and 1917,” by W. G. Steward and D. J. Paul, Bureau of Reclamation, 1919 Canpublisheaye 

20 “Report of Use of Water on Twin Falls North Side Project, 1918,” by L. Crandall (unpublished). 
~ Sea of the Colorado River Commission, Salt Lake City, Utah,” by C. J. Ulrich, March 27 

22 Various investigations, mostly unpublished, by R. I. Meeker, M. Am. Soc. C. E. Studies in th 
med latte Valley were based on data published in Colorado Agricultural Experiment Station Bulletin 


33 ‘“Return Flow Water from Irrigation Devel ts,”’ b Hae i i 
FEM, Wily nO. 1D ee ig evelopments y R. I. Meeker, Engineering News-Record, 


24*‘Arkansas River Rasin Investigations—Consumptive Use of Arkansas River Wat Puebl 
Holly,” by C. L. Patterson, Colorado Water Conservation Board, 1940 (in f ete ty, hs cee 
Amsley Reports, 1922-1925, state engineer of Colorado (unpublished). (n-courne of prepazation)s = seam 


2 ‘‘San Luis Valley Field Investigations, Consumptive Use Determinations, Evaporation Experiments, 


Drainage Measurements, 1930, 1931, 1932,” by R. J. Tipt F; i 
Soc. C. E.; Colorado State Engr’s Office (uannblshed). pM Gakeate toy ease oe Members 
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Truckee River, Nevada**; Owens Valley, California??; San Gabriel Valley, 
California?s; Columbia River and its tributaries, Washington-Oregon??; and 
Rio Grande in Colorado, New Mexico, and Texas.!° The results from some of 
these studies have been used in this paper. Others were either incomplete or 
involve valleys with an inadequate water supply and so have been excluded. 

The methods and results of these studies are not discussed herein as many 
of the reports are readily available. Several of the studies are discussed in 
Society publications and reviewed in the Committee Report. 


INFLUENCE OF MerroroLogicaL Factors 


Although small-scale experiments using tanks, potometers, etc., for deter- 
mining consumptive use are of questionable value in some cases, they have 
been of great value in pointing out the importance of transpiration and evapora- 
tion as the chief processes in consumptive use and the influence on these 
phenomena of meteorological factors. Considerable research has been directed 
toward the determination of both transpiration and evaporation. 

The potometer experiments on transpiration of plants of various kinds con- 
ducted by Messrs. Briggs and Shantz? are among the most extensive of 
their kind. They indicate a very close correlation between transpiration and 
meteorological phenomena, including evaporation from water surfaces, air 
temperatures, solar radiation, and wet-bulb depression readings. Experiments 
on sorghum, wheat, oats, rye, alfalfa, and pigweed, which cover a wide range 
of rates of water use, all show similar changes in hourly rate of use throughout 
the daily cycle.** Experiments on the rate of transpiration of tules at the 
Prado Station in California*® show similar hourly cycles for transpiration, 
evaporation, and temperature, of air and of water. 

The latter experiments showed that 93.5% of the total daily transpiration 
occurred between 9 a.m. and 9 p.m. Observations of ground-water levels in 
an alfalfa field in the Escalante Valley, Utah,** showed a distinct lowering of 
the water table during daylight hours and a recharge at night. Similar results 
were obtained*® for native vegetation in the Middle Rio Grande Valley. Ex- 


; % ‘‘Irrigation Studies on the Truckee River, Nevada,” by 8. T. Harding, M. Am. Soc. C. E.—data 
from testimony in Truckee River Adjudication, 1918. 
27‘*The Determination of Safe Yield of Underground Reservoirs of the Closed-Basin Type,” by 
Charles H. Lee, M. Am. Soc. C. E., Transactions, Am. Soc. C. E., Vol. LX XVIII (1915), p. 148; also, 
loc. cit., Vol. 94 (1930), pp. 1382-1397. he 
28 Discussion by H. Conkling, M. Am. Soe. C. E., of ‘‘Consumptive Use of Water in Irrigation,” 
Pare Report of as Duty of Water Committee of the Irrigation Div., Transactions, Am. Soc. C. E., 
Vol. 94 (1930), p. 1378. 
29‘*Water Powers of the Cascade Range—Pt. I1J—Yakima River Basin,” by G. L. Parker, M. Am. 
Soe. C. E., and F. B. Store, Water Supply Paper No. 369, U. 8. Geological Survey, 1916. 
30 ‘‘Hourly Transpiration Rate on Clear Days as Determined by Cyclic Environmental Factors,” 
by L. J. Brizes and i. L. Shantz, Journal of Agricultural Research, Vol. 5, January 3, 1916, pp. 583-650. 
31‘‘Daily Transpiration During the Normal Growth Period and Its Correlation with the Weather,” 
by L. J. Briggs and H. L. Shantz, loc. cit., Vol. 7, October 23, 1916, pp. 155-212. 
32 te ly Transpiration Rate on Clear Days as Determined by Cyclic Environmental Factors,” 
by L. I Bees and =e L. Shantz, Journal of Agricultural Research, Vol. 5, January 3, 1916, p. 617. 
33‘*Water Losses Under Natural Conditions—Pt. I—South Coastal Basin Investigations,” by H. F. 
Blaney, Bulletin No. 44, California Div. of Water Resources, 1933. 
34 * hod of Estimating Ground Water Supplies Based on Discharge by Plants and Evaporation 
from Soil,” by W. N. White, Water Supply Paper No. 659-A, U. 8. Geological Survey, 1932, pp. 87 and 88. 
35 «* ional Planning—Part VI, The Rio Grande Joint Investigation in the Upper Rio Grande Basin 
in Biers acas Maxtae. and Texas, 1936-1937, Pt. II—Ground Water Resources,” by C. VY. Theis, 
National Resources Committee, 1938, pp. 272-277, 
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periments on evaporation® at Fort Collins, Colo., showed that two thirds of 
the daily evaporation occurs during daylight hours. Obviously, solar radiation 
or some secondary phenomenon connected with sunlight is an important factor 
in both transpiration and evaporation. In fact, the Escalante Valley experi- 
ments showed a marked decrease in transpiration on cloudy days from that on 
clear days. ¥ 

The Briggs and Shantz experiments over long-time periods show the varia- 
tion in rates from day to day as affected by changes in solar radiation and tem- 
peratures. A comparison of daily changes in solar radiation and temperatures 
indicates that the former is a function of the altitude of the sun and thus varies 
with the seasons, whereas the latter (temperature), which is dependent upon 
absorption of heat by air and earth, and the circulation of the air, lags behind 
the seasons. Although solar radiation gives one of the best correlations with 
transpiration and evaporation, growing-season temperatures more nearly par- 
allel the cycle of plant growth. Fig. 1 shows clearly the relation of consumptive 


Mean Maximum Temperature 
Above 32° Fahrenheit 


Consumptive Use of Water, in Feet of Depth 


Mean Maximum Temperature Above 32° Fahrenheit 


Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. 


Fic. 1—Compartson or Monruiy DisTRIBuTIONS OF ConsumpTive Usk anD MEAN 
TEMPERATURES ABOVE 32° F 


use to the monthly mean of maximum daily temperatures above 32° F for 
the Mesilla Valley in New Mexico, one of the few areas for which monthly 
values of consumptive use are available. Maximum daily temperatures are 
used as being more representative of daylight hours when most of the transpira- 
tion occurs. 

é Consumptive use (see Fig. 1) is relatively lower with respect to temperature 
in winter than in summer and has a different distribution in the spring than in 
the fall. These variations are produced by differences in plant water require- 
ment as related to plant development. In winter, perennial plants are prac- 
tically dormant and annual plants are entirely so. As spring advances, annual 
crops are seeded and all plants increase in size. As their leaf area enlarges, 
their water requirements increase, and reach a maximum soon after maximum 
temperatures pass the peak of the season. In the fall, water requirements 
drop rapidly as the function of the plant is transferred from growth to processes 


%0 “Evaporation from Free Water Surfaces,’ by C h i 
Bulletin No. 271, U. 8. Dept. of Agriculture, Desenbe bet ee eae Me Be, OS ee ae 
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of ripening and reproductive development; and growth practically ceases with 
harvest or with the onset of sub-growing temperatures. The pronounced lag 
in consumptive use noted in May is due in part to the cutting of alfalfa and 
the harvest of winter crops and in part to the preparation of seedbeds for plant- 
ing cotton and other summer crops. In the Mesilla Valley 91% of annual 
consumptive use and 85% of annual evaporation occur during the eight-month 
growing season, March to October. 

Hedke Method of Estimating Consumptive Use-—The method of estimating 
consumptive use derived by C. R. Hedke,?7 M. Am. Soc. C. E., is based on the 
principle that each crop requires a definite quantity of heat above its germinat- 
ing temperature to bring it to maturity, and that moisture and plant food are 
required in proportion to the heat utilized. Basing his study on the years 
1916 and 1917 and the estimated normal year, in the Cache la Poudre Valley, 
_ Mr. Hedke accumulated mean daily temperatures, in degrees Fahrenheit above 
the germinating temperature, for each crop produced in the valley over its 
period of growth; and he weighted each crop total by the area devoted to that 
crop. The weighted average consumptive use of heat per cropped acre was 
then plotted against consumptive use of water in acre-feet per cropped acre 
to obtain a correlation curve. In determining consumptive use of water, 50% 
of the annual precipitation was added to the measured stream depletion. The 
ultimate object of the method was apparently a guide for estimating stream 
depletion in other valleys, and it was assumed that effective moisture not 
obtained from precipitation must be supplied from stream flow. Mr. Hedke 
assumed that precipitation, falling on the soil surface, evaporates twice as 
rapidly as normal soil moisture drawn from depth. He did not allow for varia- 
tions in ground-water storage in computing consumptive use, and he charged 
the total valley use to the cropped area without regard to relative uses by 
non-cropped land. 


MetuHop or Stupy 


The present study, like that of Mr. Hedke, is predicated on correlating con- 
sumptive use of water to effective heat during the growing season; but in details 
it departs widely from the Hedke method. Of necessity the study has been 
confined to a rather limited number of areas for which essential data are avail- 
able. These data have been utilized in accordance with a method of procedure 
found by trial to give the most satisfactory results. 

Measurement of Use of Water—On each area used in the study, adequate 
records or estimates were obtained of surface inflow to, and outflow from, the 
area; of changes in surface and ground-water storage, if appreciable; and of 
precipitation. The study was confined to areas believed to have negligible or 
compensating underground inflow and outflow. Where ground-water storage 
was considered to be fairly stable from year to year, no correction for changes 
in such storage was deemed necessary, as any error due to this factor is prac- 
tically eliminated from the mean consumptive use over a period of several 
years. Precipitation was computed by weighting the recorded quantity at 


a i eee ea eS ee ea Se eS Se ee 
37 ‘‘Consumptive Use of Water by Crops,” by C. R. Hedke, New Mexico State Engrs. Office, July, 1924 
(unpublished). q 
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available stations by the area nearest each station. The full year, rather than 
the growing season, was used as a basis of study in order to eliminate the effect 
of seasonal changes in water table and soil moisture, which are affected by the 
surplus or deficiency in precipitation compared with consumptive use. For 
the sake of uniformity, the calendar year was used for all areas, although it is 
perhaps less satisfactory on some areas than some other operating year for 
securing accurate measurements because of unfavorable distribution of pre- 
cipitation, snow storage, high stream discharge, or ground-water changes. As 
these factors vary with the locality, no one period would be satisfactory for 
all areas. 

Correction for Years of Short Water Supply.—In most of the areas studied, 
shortages of water supply occurred in one or more years of the period of record. 
Omitting the records of the dry years in arriving at mean values for each area 
introduces errors in those cases where no records of ground-water storage are 
available because it is usually withdrawn in dry years, through consumptive 
use and natural drainage into streams, and is replaced in wet years. When dry 
years are omitted, ground-water recharge enters into the mean as consumptive 
use. It was believed preferable, therefore, to include all years of record in the 
mean and to add a correction factor to the water supplies in low years sufficient 
to make them adequate. From an inspection of the records of inflow and con- 
sumptive use in dry years, it appéars that consumptive use deviates from the 
mean much less, relatively, than does total inflow. In the humid regions the 
lessened rainfall is more fully used because the soil capacity of the root zone is 
overtaxed less frequently with reduced escape of water to the underlying water 
table. Runoff is also relatively less. In the irrigated areas, the same results 
are achieved by reduced irrigation applications and reduction in surface waste. 
Withdrawals from ground water both for plant life and through natural drain- 
age are important in such years. In succeeding wet years there is a recharge 
of depleted ground water. 

Equivalent Area.—Instead of referring use to cropped area or to gross valley 
area as a basis for computing consumptive use (as has been done frequently), 
an estimate was made of the area, within the limits defined by points of mea- 
sured inflow and outflow, consuming water at a rate equivalent to that on the 
cropped area or land representative of prevailing conditions in the valley. 
In irrigated valleys, high areas consuming only~precipitation and contributing 
a negligible quantity of runoff were omitted. Corrections were made in the 
remaining area, as believed advisable, to compensate for unbalanced areas in 
swamp land consuming water at a higher rate than cultivated land and in 
natural vegetation adjacent to irrigated areas consuming less water than 
cultivated land. Although these corrections are a matter of judgment, the 
net effect is small, since the cropped land in most agricultural valleys amounts 
to 85% or more of the gross area. 

Correction for Variations in Irrigated Area.—In irrigated valleys the acreage 
actually irrigated and cropped may vary from year to year. After full de- 
velopment has been reached, fluctuations in area are normally so small that 
they may be neglected in computing consumptive use; but, if economic condi- 
tions cause major changes, the variations in area should be considered. Since 
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1933 the program of the Agricultural Adjustment Administration (AAA) in 
many localities has effected reductions in the area devoted to certain staple 
crops and has freed the land for other uses. In some cases land has been re- 
moved from cultivation and has received little or no regular irrigation. Where 
the cropped area in a given valley has been reduced during the period of study, 
consumptive use values in the affected years have been computed on an 
equivalent area, resulting from a deduction of one half the area temporarily 
out of cultivation that year, on the theory that a limited weed growth and soil 
evaporation would still occur. This is equivalent to fixing the consumptive 
use on the fallow land at one half that on cropped land. 

Effective Heat—As used in this paper, the term “effective heat” is the 
accumulation, in day-degrees, of maximum daily temperatures above 32° F 
during the growing season. This measure of heat was decided upon after 
comparative studies had been made using mean daily, as well as maximum, 
temperatures with bases both above and below 32°. The choice of the maxi- 
mum temperature is in line with experiments showing that transpiration and 
evaporation take place almost entirely during the daylight hours, when tem- 
peratures are normally higher than at night. Although evaporation of moisture 
from soil and other surfaces continues at a low rate during the winter, transpira- 
tion is almost entirely confined to the growing season. During the winter 
season, maximum temperatures are frequently considerably above the freezing 
point even when minimum temperatures prevent plant growth. Because of 
this break in the relation of consumptive use to heat, a much better correlation 
is obtained between annual consumptive use and accumulated growing-season 
heat units than with total annual heat units. 

Length of Growing Season.—The growing season is frequently considered 
the time between killing frosts. For annual crops the growing season is 
necessarily shorter than the frost-free period, in order to permit planting in the 
spring after danger of frosts is past and to permit maturing and possibly 
harvesting before the first serious frost in the fall. For most perennial crops, 
growth starts as soon as the maximum temperature rises far above the freezing 
point for any extended period of days and continues in spite of later freezes 
_ throughout the season—and sometimes for many weeks after the first so-called 
killing frost. In the spring, and to a less extent in the fall, daily minimum 
temperatures may fluctuate 1° or 2° above and below 32° for several days before 
remaining above or below that point, even though the temperature for most 
of the day is quite warm and the hardier crops are able to grow unharmed by the 
few hours of subfreezing temperature. In fact, many hardy crops, and espe- 
cially grasses, mature although temperatures drop below freezing at frequent 
intervals throughout the summer. 

In order to define the limits of the growing season more dehnitoly than the 
dates of the latest and earliest frosts, minimum temperature data were smoothed 
by obtaining twice-repeated five-day moving averages, equivalent to applying 
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the expression, e 5 , to the con- 


secutive daily minimum temperatures (represented in the expression by letters) 
and offsetting the result to the middle day of the series to maintain proper 
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phase. The ends of the growing season are thus defined by the dates between 
which the smoothed temperatures remain above 32°. 


VALLEY AREAS STUDIED 


The work of the Bureau of Reclamation is concerned primarily with the 
arid West where agricultural development is dependent upon irrigation. In 
this paper, available studies on consumptive use were utilized. Some of them 
were on Bureau of Reclamation projects, constructed or under investigation; 
others were studies by various agencies in connection with local and interstate 
litigation. Many other areas were examined but discarded for lack of adequate 
records. 

As a check on the validity of the conclusions reached for irrigated areas, 
the study was extended to a number of valleys in the humid regions of the 
United States and to one mountain basin in Colorado, where an essentially 
adequate water supply is obtained from precipitation. In these cases the entire 
watersheds are included in the study areas, and consumptive use is computed 
by deducting outflow from precipitation. Consumptive use in these humid 
valleys was found to vary with effective heat of the growing season in exactly 
the same manner as in irrigated arid valleys. 

Table 1 lists the various valley areas used, with comparative data on area,: 
elevation, and number of years of study. Fig. 2 shows the average consumptive 
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Fic. 2.—ReExarion or Consumptive Usz ro Errecrive Heat (NuMBERS IDENTIFIED IN TABLE 1) 


use on each area for the period of study, plotted against the corresponding 
average effective heat. A brief description of each area, with annual data on 
consumptive use, effective heat, and source of basic information, is given in 
the Appendix. : 

The areas included in the study represent practically the entire range of 
growing conditions and types of agriculture found in the United States. Cli- 
matic conditions range from arid to humid and from frigid to subtropical, 
growing seasons range from a few days to the entire year, latitudes range from 
near the northern to the southern: boundaries of the nation, and altitudes 
from near sea level to over 10,000 ft; crop diversification varies from the moun- 
tain meadow hay and alpine forests to cotton and citrus fruits. Notwith- 


standing the wide differences in crops, the relation between consumptive use 
and effective heatjis maintained closely. 
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TABLE 1.—Comparative Data on VALLEY AREAS STUDIED 
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Approxi- Mean Mean 
mate Equiva- Length con- effective 
No. Valley _ State mean lent of sump- heat, 
(see Appendix) eleva- area, in record, tive in day- 
tion, acres in years use, degrees 
in ft in ft (F) 
(a) IRRIGATED VALLEYS 
1 | New Fork...... ate Nae Wyoming 7,400 25,000 1 1253 2,860 
2 | Michigan and Illinois. .| Colorado 8,300 43,000 3 1.50 4,210 
3 et Area, San 
in Sota Mn he. Colorado 7,750 390,000 1 1.74 6,070 
4 West. Tule Bakes 7e California 4,150 6,300 7 2.22 6,890 
5 | Garland Division of 
Shoshone Project....| Wyoming 4,350 41,900 " 4 2.02 7,240 
6 | North Platte......,... Wyoming-Nebraska| 4,100 462,000 9 1.98 8,560 
7 | Mason Creek and Boise| Idaho 2,500 13,570 2 kW i 8,940 
8 | Uncompahgre......... Colorado 5,500 137,700 2 2.24 9,200 
Oy Mesilla. = Jamar. ese é New Mexico-Texas 3,800 109,000 13 2.83 12,370 
(6) Non-IRRIGATED WATERSHEDS 
10 | Wagon Wheel Gap ‘‘A’”’ | Colorado 10,000 222 14 1.30 3,980 
11 | Black River.......... Wisconsin 1,200 494,000 13 1.85 6,950 
P20) Mad’ River. « <6. 2 ess Ohio 1,100 307,000 13 2.15 8,760 
faci skunk River. .....---s Iowa 700 | 1,850,000 16 2.25 9,340 
14 | Sangamon River...... Tlinois 700 | 1,640,000 16 2.43 10,270 
15 | North Fork of White 
BRA VOr is Cetin nl fe esas Missouri 1,200 755,000 14 2.58 11,260 
16 | Green River...... ..| Kentucky d 600 | 5,000,000 6 2.62 11,810 
17 | Tallapoosa River Alabama-Georgia 900 | 1,060,000 13 2.75 11,900 
18 | East Fork of Trinity 
River taes seve. ie tos Texas 600 531,000 14 2.82 14,460 
19 | Cypress Creek........ Texas 300 545,000 13 3.02 14,500 
20 | San Jacinto River..... Texas 200 | 1,159,000 9 3.19 16,710 


ANNUAL VARIATIONS IN CONSUMPTIVE USE 


The plotted points of Fig. 2(a) show only a small deviation from the curve. 
When individual years instead of means are plotted, a rather wide variation 
is noted. As an example, Fig. 2(b) shows the relation of consumptive use to 
effective heat for the Mesilla Valley, New Mexico, for the period of study 1927 
to 1937. Measurements on this valley are probably more complete than on 
other areas studied, and yet deviations from the mean consumptive use amount 
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to as much as 18.7% and deviations from the mean effective heat to 6.4% for 
individual years. 

Variations from the mean may arise from many causes, among which are: 
(1) Inaccurate records of discharge; (2) inaccurate estimates of ground-water 
storage changes; (3) inadequate precipitation and temperature records; (4) 
differences in occurrence and intensity of precipitation, and variability of 
temperatures, wind, hail, cloudiness, humidity, ete.; (5) inaccuracy in estimat- 
ing the area equivalent in rate of use to the cropped area; and (6) changes in 
crop distribution, damage by plant diseases, insects, animals, and weeds. 

In many valleys where the stream flow is quite large as compared with 
stream depletion within the valley, small percentages of error in stream mea- 
surement may be reflected by large discrepancies in estimates of consumptive use. 

Corrections for surface storage can be made accurately where reservoir- 
capacity data and storage records are available but, because of the hetero- 
geneous nature of most valley fills, it is difficult to evaluate ground-water 
storage changes. Water-level measurements from only a few wells may be 
misleading. Application of a single yield coefficient for converting differences 
in depth into storage changes gives a rough estimate at best and may not 
reflect actual conditions, especially where changes in water-table levels are not 
uniform throughout the valley. 

Inadequate coverage by precipitation stations may result in wide discrep- 
ancies where rainfall distribution tends to “‘spottiness.’”?’ Even with adequate 
coverage, variations still will prevail where there are marked differences in 
seasonal distribution. For the same annual precipitation, soil-surface evapora- 
tion will be much greater in a year when there are numerous light showers 
than when there are only a few heavy rains which penetrate deeply and also 
produce considerable surface runoff. The distribution between summer and 
winter also affects consumptive use, as evaporation is higher in summer than 
in winter. 

Temperatures do not usually vary greatly over a valley area, and for that 
reason inadequate coverage by recording stations is not likely to be an impor- 
tant source of error in estimating effective heat. Differences in temperature 
from year to year will normally cause corresponding differences in consumptive 
use; but changes in consumptive use may vary widely from the relation ex- 
hibited by valley means (see Fig. 2(a)) because of changes in temperature dis- 
tribution and plant efficiency. Abnormally low temperatures may retard plant 
development, or unusually high temperatures may cause plants to become 
dormant. The latter effect is especially noticeable in the case of the southern 
study areas where consumptive use is actually reduced in the hotter years, even 
when the water supply is adequate. Consumptive use may vary widely in 
years of equal accumulated temperatures because of deviations from the 
normal seasonal distribution, as transpiration is influenced by the area of leaf 
surface and plant functional requirement (both related to stage of maturity), 
as well as by temperature. The effect of increased wind movement is nor- 
mally to increase evaporation; and the effect of increased humidity and cloudi- 


ness is to reduce it. Hail may damage crops and thus reduce, materially, their 
rates of transpiration. 
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The annual consumptive use varies with type of management and land use, 
which are influenced by economic factors. These factors may change crop 
distribution and methods of irrigation. Thus, a change from grain to alfalfa 
will increase transpiration. Consumptive use by native vegetation on non- 

cropped areas may be expected to remain more or less constant from year to 
_ year where the water supply is adequate, but surface evaporation will increase 
in wet years because of the increase in area of water surface and moist soil. 

In irrigated valleys there is usually a lavish application of irrigation water 
when the supply is abundant; and there is a consequently larger amount of 
waste and return flow available for nonproductive consumption, as well as an 
increased soil evaporation on the cropped lands. For these reasons the equiva- 
lent valley area is seldom a constant; actually, it increases in wet years and 
decreases in dry years. Plant diseases and pests reduce consumptive use by 
inhibiting plant growth. The spread of noxious weeds may reduce the area 
irrigated if crops cannot be grown in infested areas. Indirect results of infesta- 
tion may appear in widespread changes in crops. 

Most of the factors mentioned fluctuate from year to year. Consumptive- 
use studies continued over a series of years may be expected to eliminate most 
of the inaccuracies in measurements and smooth out short-time trends due to 
changes in crop distribution and other factors. 


APPLICATION 


An essential feature of the water-supply investigation of an irrigation 
project, whether it is an undeveloped tract needing a full supply or a developed 
project needing supplemental water, is the determination of its water require- 
ment. Annual consumptive use is a convenient approach in this determination. 
From the relation developed in this paper it is possible to estimate consumptive 
use from temperature data, which are usually available. The crop irrigation 
requirement may then be estimated by deducting from consumptive use that 
part of the annual precipitation that it is estimated will be consumed. The 
farm delivery requirement then may be estimated by adding to the crop irriga- 
tion requirement an allowance for deep percolation and surface waste incident 
to application of water to the land, consistent with anticipated irrigation 
practice under local conditions. The diversion requirement then may be 
estimated by providing for canal and lateral operation waste and losses in 
transit from stream or reservoir tothefarm. Incase the project is to be devoted 
chiefly to a single crop, differing materially in its water requirements from the 
average requirements common to the temperature conditions of the project, 
the consumptive use estimated from the relation curve may be corrected as 
required. Although the determination of the project-diversion requirement 
leaves much to judgment after the proper consumptive use has been adopted, 
a mass of experimental data on the other factors is available to guide the 
investigating engineer in his determinations. 
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APPENDIX, 


DESCRIPTION OF AREAS STUDIED 


New Fork Valley, Wyoming.—The valley is in the upper Green River Basin 
above Pinedale, Wyo., at an elevation of about 7,400 ft. It has a gross area 
of 25,400 acres, of which 16,650 acres in meadow hay and pasture are irrigated. 
A part of the remainder is in sagebrush and a part in willows and seeped alkali 
land. The equivalent area is estimated at 25,000 acres. The climate is severe 
in winter. Summer temperatures reach 90°, but frosts frequently occur at 
night in every month. Precipitation averages 10.2 in., of which 4.3 in. fall in 
the months of May to August. Irrigation by wild flooding is practiced, and 
the area always has adequate water. Consumptive-use studies were made by 
the Bureau of Reclamation in 1939 (Table 2, No. (1)) and include inflow and 
outflow measurements and precipitation. Ground-water storage, as indicated 
by test wells, did not show any change for the year, and ground-water movement 
is believed to be small. Because of the prevalence of summer frosts, the effec- 
tive growing season is doubtless longer for the type of crop grown than that 
computed for the study. ; 

Michigan and Illinois Rivers, North Park, Colorado.—The study area in- 
cludes the narrow valley of the Michigan River between the Haworth School 
and Cowdrey and the tributary valley of the Illinois River below Rand, in 
North Park, near Walden, Colo. Grass and hay, covering 35,250 acres, are 
the only crops. The remainder of the area is in willows and water surface. 
The equivalent area is estimated at 43,000 acres. The average elevation is 
about 8,300 ft. The climate is rigorous. Temperatures range from — 49° to 
109° with a May-to-September average of 53°. The frost-free period is about 
60 days. Annual precipitation averages 10 in., about one half falling during 
the growing season. The meadows are irrigated by flooding until hay is cut, 
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and the supply obtained from the Michigan and Illinois rivers is adequate. 
Data (Table 2, No. (2)) were supplied by the Colorado Water Conservation 
Board. Winter runoff not covered by records was estimated. Ground-water 
storage as shown by well measurements was essentially the same each year 
with no movement into, or out of, the basin. 


TABLE 2.—Consumptive UsE Summary, TRRIGABLE VALLEYS ((1) To (4)): 
IN WYOMING AND COLORADO? 


(1) New Fork (2) Micuigan AND (3) San Luts (4) West TuLE 
ALLEY ILLINOIS VALLEY Lakp 

Year 

U H U H U H U H 
1933 eae 1.47 5,520 
1934 aad sees aes 2.66 6,850 
1935 eh Ae ta 2 aires vate hpnhe: pansy 2.31 6,440 
1936 wine ethers rae Bast 1.74 6,070 1.82 6,900 
1937 sete Pe ets 1.70 4,630 a aoe Se 2.19 6,890 
1938 Bea Bn oe re 4,550 weahie att. 2.24 7,200 
1939 1.53 2,860 1.53 3,570 Poe ee 2.86 7,520 
Mean 1.50 4,250 2122 6,890 


2U = consumptive use, in ft; and H = effective heat, in degree-days (F). 


Southwest Area, San Luis Valley, Colorado.—The area includes the valley 
lands tributary to the Rio Grande on the west, amounting to 400,000 acres. 
The topography is comparatively flat—about 7,750 ft in elevation. About 56% 
of the area is farmed, principally to hay, grain, and potatoes. The equivalent 
area is estimated at 390,000 acres. The climate is moderately warm, dry, and 
windy during the short summers, and cold in winter. Precipitation averages 
about 7 or 8 in. per yr, about 65% of it in the growing season. Water for 
irrigation is supplied from the Rio Grande and its tributaries. Subirrigation is ~ 
practiced widely. Consumptive use has been determined by a number of 
agencies from inflow-outflow measurements, but the present study (Table 2, 
No. (8)) includes only the 1936 determination by the Bureau of Agricultural 


Engineering as a part of the Rio Grande Joint Investigation.!° 


West Tule Lake, Klamath Project, California—The area includes land under 
the J-1 lateral of the Tule Lake Division of the Klamath Federal Reclamation 
Project lying within the dikes west of Lost River. The mean elevation is about 
4,150 ft. The effective area is estimated at 6,300 acres, of which 5,700 acres 
have been irrigated in recent years. The soil is a sandy lake-bed deposit and 
drains well. Alfalfa, cereals, and potatoes are the principal crops. 'Tempera- 
tures vary from sub-zero to 100°. The growing season is about 140 days. 
Precipitation averages about 8.5 in., most of which occurs in the fall and winter. 
Irrigation is necessary for agriculture, and an adequate supply is obtained from 
the Lost and Klamath rivers. Inflow is measured in the supply lateral and 
outflow at drainage pumps. Ground-water storage is maintained nearly 
constant by well-regulated drains; and, because of the small differential between 


38 ‘‘Jackson County Investigations—Special Studies on Consumptive Use,”’ by C. L. Patterson, Colo- 
rado Water Conservation Board, 1940 (in course of preparation). 
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Lost River and drains, little underground flow is believed probable. Data 
(Table 2, No. (4)) were furnished by the Klamath Project office and from the 
report by J. R. Iakisch,*® Assoc. M. Am. Soe. C. E. 

Garland Division, Shoshone Project, Wyoming.—The area consists of 48,400 
acres of fairly level bench land, 4,200 to 4,600 ft in elevation, lying north of the 
Shoshone River near Powell, Wyo. Although only 30,000 acres were irrigated 
at the time of the study, 41,900 acres are irrigable and estimated to consume 
water equivalent to the rate on cropped land. Soils vary from sand to clay. 
About 50% of the cropped area was in alfalfa, the remainder being mainly grain, 
sugar beets, and potatoes. Inflow is supplied by the Garland Canal and some 
storm runoff; outflow is measured in the Frannie Canal, Bitter Creek, and river 
drains. Complete records of inflow and outflow are not available in any one 
year, but the missing data (storm inflow, and drains to river and Bitter Creek) 
have been estimated from measurements available in other years. Deep 
percolation losses are believed negligible. The water supply was average in 
two years, abundant in one, and deficient in one. Data in Table 3, No. (5), 
were supplied by the Bureau of .Reclamation project office and from reports 
by H. H. Johnson.*° 


TABLE 3.—ConsumptTiIve Use Summary, VALuEYs (5), (7), AND (10), 
IpAHO, WYOMING, AND COLORADO” 


Vous (5) GARLAND DrvIsIon (7) Mason CrEEK (10) Wacon WHEEL Gare 
Up Uy H U H Up Ur H 
1912 of 0.86 1.05% 3,990 
1913 Bie 1.30 1.30 3,920 
1914 sts 127 1,27 4,200 
1915 RAs 1.35 1.35 3,600 
1916 2.13 8,760 1.48 1.48 3,710 
1917 2.20 9,130 0.75 0.91% 3,930 
1918 We A 1.65 1.65 4,410 
1919 1.43 1.43 4,060 
1920 1.14 1.14 3,910 
1921 ie 0.97 1.13% 4,060 
1922 end ee nane 1.54 1.54 4,520 
1923 2.06 2.06 7,480 1.43 1.43 3,960 
1924 1.64 1.846 6,960 0.75 1.02% 3,860 
1925 2.16 2.16 7,120 1.43 1.43 3,540 
1926 2.02 2.02 7,390 coneNs odes pete 
Mean 1.97 2.02 7,240 BAF 8,940 1.24 1.30 3,980 


2U =consumptive use, in ft; Up = computed consumptive use; Uy = corrected consumptive use 


and H = effective heat, in degree-days (F). 


> Dry year corrected by a quantity considered adequate t¢ 


insure normal consumptive use. ¢ Non-irrigable watersheds; Nos. (5) and (7) are irrigable. 


North Platte Valley, Wyoming, and Nebraska.—The study area includes the 
valley between Whalen, Wyo., and Lisco, Nebr. This valley has an average 
elevation of 4,100 ft, a length of 120 miles, and a width of 7 miles. It include: 
an equivalent area estimated at 462,000 acres, which includes the North Platt 
Federal Reclamation Project and private lands. The bottom soils are black 
loam, the terrace soils sandy loam. ‘There is a considerable area of river bed 


39 ‘‘Report on Pumping from Tule Lake and Wild Life Refuge Devel t,”’ by J. R. Iakisch 
others, Bureau of Reclamation Project Investigations Report No.5, April, 1938. Bees Tis ae 


40‘Consumptive Use of Water, Garland Division of Shosh Project,” 
for years 1923-1926, Bureau of Reclamation (unpublished). SE Ee ea 
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reservoir surface, and seeped bottom land. Part of the area once seeped has 
been drained. The underlying Brule clay precludes deep percolation, and as 
the channel is cut into this material there is little underflow at the river gaging 
stations. The area is in general crops with alfalfa, sugar beets, and cereals 
prevailing. Temperatures vary from sub-zero to more than 100°. The 
growing season is about 165 days. Precipitation averages about 17 in., of 
which 75% falls in the growing season. Additional water is supplied by irriga- 
tion from the North Platte River and from reservoir storage. The supply has 


TABLE 4.—Consumptive Usz Summary, Vauurys (6), (8), (9), AND (16)@ 


(6) Norra Prarre (8) UNCOMPAHGRE (9) Mpsriia (16) Green River? 
Year 

Up Ur H U H Up Ur H Up U; H 
1927 ee tals eae wants ae rN 3.09 3.14¢ 12,750 Fs yend 
1928 hee fe Stake Sens, tee Re Per, 3.36 3.36 12,370 eae 
1929 Seis Phen «oe ws auelts see 2.81 2.81 11,840 tere 
1930 ae hate Tatas ates ee 2.96 2.96 12,630 tet teat aes 
1931 1.58 1.71% 8,230 one Make 3.13 3.13 12,670 200. 2.77 11,740 
1932 2.31 2.31 7,740 ies Te 2.98 2.98 11,750 2.69 2.69 11,630 
1933 1.93 1.93 8,930 Pi ok bees 2.35 2.43¢ 12,570 2:57 PSY 11,680 
1934 0.95 1.825 8,380 tee ees 2.67 2.79¢ 13,230 2.41 2.41 11,430 
1935 1.69 1.69 7,720 Cache rae 2.63 2.82¢ 12,240 2.60 2.60 11,740 
1936 2.10 2.10 9,380 Nine Bec 2.73 2.76¢ 11,860 2.21 2.665 | 12,660 
1937 2.30 2.30 8,020 ae Rider 2.54 2.54 12,940 saa Saas Rye 
1938 2.09 2.09 9,310 2.20 9,200 2.50 2.54¢ 11,310 
1939 1.83 1.83 9,370 2.20 9,190 2.53 2.56¢ 12,630 
Mean | 1.86 1.98 8,560 2.24 9,200 2.79 2.83 12,370 | 2.54 2.62 11,810 


«U = consumptive use, in ft; Up = computed consumptive use; Ur = corrected consumptive use; and 
H = effective heat, in degree-days (F). Dry year corrected by a quantity considered adequate to insure 
normal consumptive use. ¢ Years of reduced acreage, Ur based on equivalent area less one half of reduction 
in area. ¢ Non-irrigable watershed; Nos. (6), (8), and (9) are irrigable. 


been adequate except in years such as 1931 and 1934. Records of inflow and 
outflow (Table 4, No. (6)) were corrected for changes in surface storage, but 
no correction for ground storage was considered necessary. Records were 
obtained from the North Platte Project Office. 

Mason Creek Area—Botse Project, Idaho—The area includes 13,570 acres 
of the Pioneer Irrigation District in the Boise Project of the Bureau within 
the Mason Creek drainage unit near the towns of Caldwell and Nampa. The 
elevation is about 2,500 ft and the topography fairly flat. It is all irrigated 
except for right of ways and farmsteads. At the time of the study it was more 
than 50% in alfalfa and clover hay, and the remainder was largely grain. An 
adequate water supply is furnished through the Phyllis Canal from Boise River 
and Arrowrock Reservoir. Precipitation amounts to about 10 in. per yr, 
little of it occurring in the growing season. Outflow is measured in the various 
drains and by observing the ground-water changes in 55 wells. There is 
apparently little difference in ground-water inflow and outflow as the area is 
surrounded with uniformly well-drained irrigated land (see Table 3, No. (7)).¥ 

Uncompahgre Valley, Colorado.—The valley is at the foot of the San Juan 
Mountains in the Gunnison Basin and includes Montrose and Delta, Colo., at 
an average elevation of about 5,500 ft. Most of the area is in the Uncom- 
pahgre Federal Reclamation Project. It has a gross area of 169,000 acres, of 
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which 86,500 acres are irrigated and cropped to alfalfa, cereals, sugar beets, 
and onions. The soil is heavy, much of it has been seeped, and a part is 
affected by alkali. From a field study of the non-cropped land, the area 
equivalent in rate of use of water to the cropped land is estimated at 137,700 
acres. Temperatures range from —25° to 102° with an average during the 
growing season of about 67°. The growing season is about 145 days. The 
average annual precipitation is 9 in., of which about one half falls in the grow- 
ing season. Abundant water for irrigation is obtained from the Uncompahgre 
and Gunnison rivers and the Taylor Park Reservoir. . Ground-water inflow 
and outflow are believed to be small. Corrections were made for ground-water 
storage change effected by drainage operations. Data were secured in a co- 
operative study by the Bureau of Reclamation and Colorado Water Conserva- 
tion Board (see Table 4, No. (8)). 

Mesilla Valley, New Mexico-Texas.—The Mesilla Valley is one of the many 
narrow valleys of the Rio Grande. It extends from Fort Seldon, New Mexico, 
almost to El Paso, Tex., and comprises the Leasburg (N. Mex.) and Mesilla 
divisions of the Rio Grande Federal Reclamation Project. The valley bottom 
is flat and varies in elevation from 3,700 to 3,900 ft. Of the gross area of 
109,000 acres, about 77,000 acres are cropped, principally to cotton and alfalfa, 
13,000 acres are in native vegetation, and the remainder in miscellaneous uses. 
Studies by the U. 8. Bureau of Agricultural Engineering! in 1936 indicate the 
consumptive use by the non-cropped land to be essentially at the same rate 
as by the cropped land except in the case of areas temporarily out of cultiva- 
tion, which vary from year to year. An equivalent area of 109,000 acres has 
been used except for the years noted in Table 4, No. (9). Temperatures range 
from —8° to 106° with an annual mean of about 60°. Annual precipitation is 
about 8 in., two thirds falling in the 240-day growing season. Irrigation water 
is supplied from the Rio Grande with storage in Elephant Butte and Caballo 
reservoirs. The data in Table 4, No. (9), were supplied by the Rio Grande 
Project Office, and for the years 1927 to 1936 were included, in uncorrected 
form, in the study by Mr. Debler.*. The effect of annual differences in the 
factors affecting consumptive use of water is well illustrated by the annual 
variations in consumptive use in the Mesilla Valley. | 

At Agricultural College, N. Mex., precipitation in 1931 was the highest of 
the years of study and consumptive use of water second highest. In 1935 
precipitation was second highest in total, but approximately one half of the 
total fell in one day and consumptive use was below the average of the period. 
In 1928, the year of greatest consumptive use, precipitation occurred in many 
light rains. The year of least rainfall, 1933, was also the year of least con- 
sumptive use. 

The effective heat in 1933 was approximately the same as in 1931 but con- 
sumptive use was 0.78 ft less. Lower temperatures in April, May, and June 
may account for a part of the lower use in 1933, with rainfall and other factors 
accounting for the remainder. 

Land use is one of the most important factors causing variation in con- 
sumptive use. The cotton acreage in the Mesilla Valley declined between 


Ne ee 
41**Valley Consumptive Use,” by E. B. D i i i i 
Research Council, 1937, Washington, D. G., op pha cee eS a ee 
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1930 and 1935 and has increased since that time. Compensating changes were 
made in general crops or in the fallow acreage. The alfalfa acreage has re- 
mained practically constant for many years. The effect of differences in land 
use is most apparent in 1933, 1934, and 1935 (Table 4, No. (9)), when the 
government cotton-reduction program retired large areas not used for other 
crops. The difference of 0.73 ft in consumptive use for the years 1928 and 
1935, years of nearly equal effective heat, is largely due to a reduction of 13,882 
acres in irrigated area. It is possible, too, that water-surface evaporation and 
consumption by native vegetation growing along the Rio Grande was much 
less in 1935 than in 1928 as the runoff of the river at Leasburg, head of the 
valley, was only 69% as great as in 1928. The reduction in consumptive use 
in 1933 as compared with 1931 is explained in part by the fact that 6,870 acres 
were plowed under in 1933 and no other use made of the land that year. Non- 
productive uses of water in these two years were probably about the same. 
The low consumptive use in 1937 cannot be explained by any one of the 
factors mentioned. Unusually favorable circumstances must have prevailed 
in that year to account for the high crop yields and low consumptive use of 
water. 
The corrected use data in Table 4, No. (9), have been corrected to a full- 
area basis by reducing the equivalent area by 50% of the area temporarily out 
of cultivation. This is based on an estimated consumptive use, by the land 
that is temporarily uncropped, of 50% of the cropped land. In 1927 develop- 
ment was incomplete; in 1933, 6,870 acres of cotton were plowed under but 
reported in crop; in 1934, 9,220 acres of cotton land were fallow but not re- 
ported; and, in other years, the corrected full irrigation development was set 
at 76,900 acres, which is the mean for the period 1928 to 1934, and the year 
1937. 
Wagon Wheel Gap Area, Colorado.—The area consists of a 222-acre water- 
shed tributary to Rio Grande at Wagon Wheel Gap, Colo. Elevations range 
- from 9,400 to 11,300 ft. The area is forested with Douglas fir and other growth 
typical of the central Rocky Mountains, but includes no agricultural land. 
Its water supply is limited to precipitation, which varies little from the average 

of 21in. per yr. Runoff, and hence consumptive use, varies from year to year 
because of differences in intensity and occurrence of precipitation. There are 
no known seepage losses from the area. The data in Table 3, No. (10), are 
for watershed ‘‘A,’’ used in the experiments of the Forest Service and Weather 
Bureau described by C. G. Bates and A. J. Henry.” 

Black River, Wisconsin.—The drainage basin above Neillsville, Wis., com- 
prises 770 sq miles of gently rolling land, 62% of which is cropped, 30% pas- 
tured, and the remainder wooded. The average elevation is about 1,200 ft. 
Temperatures vary from —40° to 101°, although summer temperatures are 
normally moderate. The growing season is 164 days. Annual precipitation 
averages only 31 in. but as a large percentage occurs in the growing season, 
and as winter precipitation is held in snow storage until spring, agriculture is 
successfully practiced without irrigation. During the period of runoff records, 


42 °F + and Streamflow Experiment at Wagon Wheel Gap, Colorado,” by C. G. Bates and A. J. 
Henry, Me Cathie Weather Review, Supplement No. 17 (1922) and Supplement No. 30 (1928). 
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water shortage was severe in only one year. Consumptive use (Table 5, 
No. (11)) was obtained by deducting runoff from precipitation on the entire 
watershed. 

Mad River, Ohio—The watershed above Springfield, Ohio, covers an area 
of 480 sq miles of flat to rolling land with an average elevation of 1,100 ft lying 
about half way between the Ohio River and Lake Erie. About 33% of the 
area is cropped, 38% is pastured, and the remainder is woodland. 


TABLE 5.—Consumptive Usr, Vauueys (11), (12), (13), (14), anp (17); 
Non-IRRIGABLE WATERSHEDS? 


(11) (12) (13) (14) (17) 

Buack RIverR Map River Skunk RIvEeR Sancamon River | TALLAPOOoSA RIVER 
Year 

Up | Ur H Up | Ur H Up | Ur H Up | Ur H Up | Ur H 
DOZUE as eens VaR eee oleae eed iene Done. O 9,560] 2.80 | 2.80 | 10,900) ....].... ta 
MOD Sem eaPee cet tate a WA tciad ce ae [terse 2-205 | ao 9,990] 1.96 | 2.06%] 11,360) ....].... +t 
TODS El ieraiiis oko lie ck eel rca MuePe wm letereme en fos meee 8,930} 2.80 | 2.80 9, SHO) Ac. heen Lam 
1924 | 1.77 | 1.77 | 6,590] 1.75 | 1.75 | 8,370) 2.05 | 2.05 9,130] 2.29 | 2.29 9,380] 2.72 | 2.72 | 12,150 
1925 | 2.09 | 2.09 | 6,380] 2.27 | 2.27 | 9,130) 2.32 | 2.32 9,490] 2.09 | 2.09 | 10,020) 2.51 | 2.51 | 13,040 
1926 | 1.93 | 1.93 | 7,020] 2.65 | 2.65 | 8,520] 2.10 | 2.10 8,750} 2.53 | 2.53 9,740} 3.10 | 3.10 | 11,590 
1927 | 1.76 | 1.76 | 6,860] 1.99 | 1.99 | 8,830] 1.99 | 1.99 9,340] 3.01 | 3.01 9,020} 2.66 | 2.66 | 12,800 
1928 | 1.60 | 1.60 | 6,400] 1.77 | 1.77 | 8,470) 2.55 | 2.55 8,800] 2.42 | 2.42 9,150} 3.04 | 3.04 | 11,010 
1929 | 1.60 | 1.60 | 7,020] 2.15 | 2.15 | 8,720] 1.91] 1.91 | 9,240} 2.17] 2.17 | 10,360] 2.91 | 2.91 | 11,820 
1930 | 1.94 | 1.94 | 7,090} 1.50 | 1.794) 8,680] 1.86 | 1.86 | 9,100] 1.69 | 2.19%) 10,100) 2.38 | 2.38 | 11,230 
1931 | 2.04} 2.04 | 7,110) 2.43 | 2.43 | 9,630] 2.84 | 2.84 9,830] 2.70 | 2.70 | 11,410] 2.35 | 2.35 | 11,810 
1932 | 1.70] 1.70 | 6,870] 2.29 | 2.29 | 8,760) 2.43 | 2.43 8,910] 2.52 | 2.52 | 10,540] 3.59 | 3.59 | 11,500 
1933 | 1.39 | 1.80 7,770] 1.71 | 1.83] 8,990] 1.66 | 2.04%] 9,530] 2.11 | 2.11 | 10,850} 1.90 | 2.25%) 11,420 
1934 | 2.27 | 2.27 | 7,970] 1.61 | 2.284] 9,090] 2.05 | 2.05 | 10,240] 2.52 | 2.52 | 10,900] 2.91 | 2.91 | 11,860 
1935 | 1.94 | 1.94 | 6,060] 2.77 | 2.77 | 7,510] 2.71 | 2.71 8,770] 2.44 | 2.44 | 10,540] 2.90 | 2.90 | 12,910 
1936 | 1.40 | 1.68%] 7,220] 1.92 | 1.92 | 9,110} 1.86 | 2.125) 9,870] 2.19 | 2.19 | 10,500} 2.38 | 2.38 | 11,510 
Mean } 1.80 | 1.85 | 6,950] 2.06 | 2.15 | 8,760] 2.21 | 2.25 9,340] 2.39 | 2.43°| 10,270) 2.72 | 2.75 | 11,900 


aU = Consumptive use, in ft; Up = computed consumptive use; Ur = corrected consumptive use; 
and H = effective heat, in degree-days (F). ° Dry year corrected by a quantity considered adequate to 
insure normal consumptive use. ¢ Non-irrigable watersheds; Nos. (5) and (7) are irrigable. 


Temperature extremes vary from —34° to 108°. The growing season is 
six months. Precipitation averages 38 in. per yr, of which about 21 in. occur 
in the growing season. This is adequate in all except a few short years for 
crop production. Consumptive use (Table 5, No. (12)) was obtained by de- 
ducting runoff from precipitation on the watershed. 

Skunk River, Iowa.—The drainage area above Coppock, Iowa, is about 
145 miles long and 20 miles wide and contains 2,890 sq miles of gently sloping 
prairie land, lying immediately east of Des Moines. The average elevation 
is about 700 ft. Crop land occupies 68% of the area, pasture 26%, and wood- 
land 6%. Temperatures vary between extremes of —30° and 110°, and rela- 
tive humidity is high. The growing season is about 205 days. Precipitation 
averages 32 in. per yr but has dropped as low as 18 in. Nearly two thirds of 
the annual precipitation falls in the spring and summer months, and the supply 
is ordinarily enough to mature crops. In a few recent years the supply has 
been inadequate. Consumptive use (Table 5, No. (13)) was obtained by 
deducting runoff from the precipitation falling on the entire watershed. 

; Sangamon River, Illinois—The area comprises 2,560 sq miles of Sangamon 
River watershed above Springfield, Ill. It has an average elevation of 700 ft. 
The topography is gently rolling; 78% of the watershed is cropped, 18% is 
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pastured, and the remainder is wooded. Temperatures vary from —24° to 
107°” and the relative humidity is high. The growing season is about 220 
days. Precipitation averages 36 in. per yr and is favorably distributed for 
crop use. A full water supply is obtained in nearly every year. Consumptive 
use (Table 5, No. (14)) was obtained by deducting runoff from precipitation 
over the entire watershed for the period 1921 to 1936. 

North Fork of White River, Missouri —The watershed above Tecumseh, 
Mo., comprises 1,180 sq miles of rough foothill country, with an average eleva- 
tion of 1,200 ft, lying along the southern edge of the Ozark Plateau. There is 
a larger percentage of woodland than in any other area studied except the smal] 
Wagon Wheel Gap area. Only about 25% of the area is cropped and 28% 
pastured. Extremes of temperature vary from —29° to 106°. The growing 
season is about eight months. Precipitation, which furnishes the sole water 
supply, averages 42 in., of which 26 in. occurs during the spring and summer. 
The amount of precipitation fluctuates considerably but is seldom short. 
Consumptive use (Table 6, No. (15)) was computed for years of recorded runoff 
by deducting runoff from precipitation on the entire watershed. 


TABLE 6.—ConsumptTive Usz, Vauueys (15), (18), (19), anp (20); 
Non-IRRIGABLE WATERSHEDS” 


(15) (18) (19) (20) 

Waite RIvER Trinity River Cypress CREEK San Jacinro River 

Year 
Up Ur H Up Uy H Up U; H Up Uy H 

1924 | 2.78 2.78 | 10,630 | 2.00 2.65% | 14,330] .... othe teas aed 
1925 | 2.63 2.63 | 11,180] 1.87 2.72 | 16,070 | 2.76 3.208 | 15,470] .... 
1926 | 2.43 2.43 | 10,880] 3.60 3.60 | 12,480} 3.95 3.95 | 14,950] .... 
1927 | 3.33 3.33 | 11,520] 3.18 3.18 | 14,640} 3.00 3.00 | 15,650} .... 
1928 | 2.22 2.22 | 10,440] 2.66 2.66 | 14,120] 2.93 203" | 14.2705) antes Suiits ae 
1929 | 2.45 2.45 | 11,150] 2.46 2.46 | 18,990] 2.21 2.21 | 14,170} 3.47 3.47 | 15,920 
1930 | 2.46 2.46 | 10,950] 2.36 2.862 | 14,890 | 2.92 2.92 | 13,3860} 2.91 2.91 | 16,340 
1931 | 2.54 2.54 | 12,020} 2.33 2.90% | 14,800 | 3.04 3.04 | 13,480] 3.03 3.24% | 19,480 
1932 | 2.54 2.54 | 11,490] 2.81 2.81 | 13,420 | 2.57 2.74% | 13,280 | 2.90 2.90 | 13,630 
1933 | 2.43 2.43 | 11,700] 2.52 2.85% | 16,450 | 2.70 2.90> | 14,980 | 2.51 3.15% | 16,840 
1934 | 2.23 2.23 | 12,850] 2.23 2.79% | 14,870 | 2.32 2.80% | 15,290 | 3.20 3.20 | 17,880 
1935 | 3.04 3.04 | 11,210] 3.04 3.04 | 14,240] 3.12 3.12 | 14,110] 3.56 3.56 | 16,110 
1936 | 2.04 2.63% | 11,160] 1.94 2.70® | 15,240 | 2.10 2.90% | 14,700 | 3.02 3.02 | 16,410 
1937 | 2.35 2.35 | 10,970} 2.33 2.383 | 12,880] 3.12 3.12 | 14,850} 2.93 3.30% | 17,820 
Mean | 2.53 2.58 | 11,260] 2.52 2.82 | 14,460] 2.83 3.02 | 14,500} 3.06 3.19 | 16,710 


@U =Consumptive use, in ft; Up = computed consumptive use; Ur = corrected consumptive use; 
and H = effective heat, in degree-days (F). % Dry year corrected by a quantity considered adequate to 
insure normal consumptive use. 


Green River, Kentucky.—The watershed above Livermore, Ky., has an area 
of 7,800 sq miles, covering a large part of Kentucky and part of Tennessee, 
and is the largest area studied. The topography is rolling, with an average 
elevation of 600 ft. About 40% of the area is cropped, about the same per- 
centage is pastured, and the remainder is wooded. Temperatures vary widely 
between winter and summer. The growing season is about eight months. 
Annual precipitation averages about 45 in., of which more than one half occurs 
in the growing season. This is normally sufficient for full crop requirements, 
although occasional shortages occur. Consumptive use (Table 4, No. (16)) 
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} 
: was obtained by deducting runoff at Livermore from precipitation over the 
; entire watershed in the period of runoff record, 1931 to 1936. 
# Tallapoosa River, Alabama-Georgia.—The Tallapoosa River above Wadley, 
a Ala., drains an area of 1,660 sq miles ranging from an elevation of 1,200 ft at 
re the OREN ee end of aaa Blue Ridge Mountains in Georgia to 200 ft on the 


coastal plain of the Gulf of Mexico. The area is only 42% cropped, with 15% 
in pasture, the remainder being woodland. Temperatures have an extreme 
range of —8° to 103° but are normally moderate due to the proximity of the 
Gulf. The area is occasionally subjected to severe storms. The average 
annual precipitation is about 52 in., a considerable part of which occurs in 
winter. Spring and summer rainfall is usually adequate for crop requirements. 
Consumptive use (Table 5, No. (17)) was obtained by deducting runoff from 
precipitation on the entire watershed. 

East Fork of Trinity River, Texas——This area of 830 sq miles is upstream 
from the stream gage near Rockwall in northeastern Texas in the blackland 
prairie region, one of the richest agricultural sections of the state. The topog- 
raphy is relatively flat, ranging in elevation from 400 to 800 ft. Of the total 
area, 75% is in crops, 16% is in pasture, and 9% is woodland. The distance 
from the Gulf of Mexico is sufficient so that temperature variations are wide. 
The growing season is from April to October. Precipitation furnishes the 
entire water supply but in many years is inadequate. It averages 21.6 in. in 
the spring and summer months. Runoff is flashy and dependent on storm 
rainfall. Consumptive use (Table 6, No. (18)) was determined by deducting 
runoff from precipitation on the entire watershed. 

Cypress Creek, Texas.—The drainage area, containing 848 sq miles upstream 
from the gaging station at Jefferson, is in eastern Texas. The elevation ranges 
from 200 to 400 ft and the topography is gently rolling. The area was once 
heavily timbered but is now (1941) about 50% cropped and 20% pasture. 
Soils vary from sandy to tight clay. A wide variety of crops, including much 
truck and fruit, is grown. Temperatures vary widely from below zero to 110°. 
The growing season is about 280 days. Precipitation, the sole source of water 
supply, averages 43.9 in. per yr, of which about 70% occurs in the growing 
/ ‘| season and, except in dry years, is adequate for crop production. Relative 

humidity is high. Consumptive use (Table 6, No. (19)) was determined by 
deducting runoff from precipitation on the entire watershed. 

San Jacinto River, Texas.—The San Jacinto River Valley is a flat sandy 
area of 1,811 sq miles, varying from 50 to 400 ft in elevation, on the coastal 
plain of the Gulf of Mexico a few miles north of Houston, Tex. Of the total 
area, 29% is pine forest, 38% prairie, and 33% cultivated. The climate is 
mild and humid. The precipitation is adequate for crop requirements in most 
years, but is frequently so intense that high runoff and shortages of moisture 
occur. Consumptive use (Table 6, No. (20)) was estimated as the difference 
between precipitation and measured outflow. Ground-water movement out 
of the basin was considered negligible. 
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TUNNEL CONSTRUCTION, SIXTH AVENUE 
DUWEW Ay SINE W. YORKAN. ay. 


By JACOB FELD,? M. Am. Soc. C. E. 


SYNOPSIS 

As part of the contract to construct Section 10 of the Sixth Avenue Subway, 
between 40th and 47th streets, in New York City, one double-track, and two 
single-track, tunnels were driven for three blocks under a busy city street, 
under the foundations of an operating elevated railroad, very close to buildings 
‘varying from two to sixteen stories in height, through a variety of rock forma- 
tions, and with scant cover. This paper describes how the work was planned 
and organized to provide efficient and continuous progress, how it was executed, 
- and at what cost; and it describes the type and adaptability of the equipment 
used. The major factor in the execution of this work was the necessity 
for safety. 


GENERAL DESCRIPTION OF THE CONTRACT 


The contract included the construction of a four-track subway for a distance 
of 1,800 ft in Sixth Avenue, which is 100 ft wide, and crossed seven intersecting 
streets. The southerly part of the work, including a station, was built in 
open cut. The northerly end of the contract, about 260 ft long, was also 
built in open cut. Between these two areas the four tracks were built in 
tunnel without disturbing the street surface. The work was done under a 
unit price contract, the tunnel work being included in the total contract items. 
As far as plant and equipment were concerned, the construction of the tunnels 
was merely part of the total contract, except as certain special equipment was 
found necessary for the tunnel operation (see Fig. 1). The contract plans 
and specifications were prepared by the Board of Transportation of the City 
of New York. The contract was awarded on February 6, 1936, and the 
tunnel work described herein was executed from June, 1937, to April, 1938. 


GENERAL PLAN AND SPECIFICATIONS 


The plan of the east half consisted of a double-track tunnel running in a 
straight line under the easterly half of Sixth Avenue, from a point 50 ft south 
Nors.—Written comments are invited for immediate publication; to insure publication the last dis- 


cussion should be submitted by August 15, 1941. 
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of 46th Street for a distance of 720 ft. At approximately the middle of this 
length there is a ventilating and emergency exit shaft serving both of these 
tracks and running to the street surface. At two other points, in 44th Street 
and in 45th Street, the easterly tunnel is widened out to provide space for a 
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Fig. 1—P.ian AND PROFILE oF TUNNELS 


cable-duct manhole connected to the street surface with a cable-pull pipe 10 in. 
in diameter. Starting at the 46th Street end, the third track from the east is 
in a single-track tunnel that dips sharply downward to the west emergency 
exit shaft (see Fig. 1) and a sump to which the drainage of all the tunnels is 
connected, and then is carried upward at the same grade, making a total | 
distance of 814 ft, emerging into an open-cut area south of 43d Street at the 
west side of the street. This tunnel is built on a curve to change the track 
position from the third to the fourth lane. South of 45th Street, at about 
its lowest point, this tunnel connects to a ventilation and emergency exit shaft — 
carried to the street surface. From the southerly face of this shaft the fourth 
tunnel starts near the west building line of Sixth Avenue directly over the third 
tunnel and crosses from the fourth to the third lane, entering the open-cut 
area at 43d Street. The double-track tunnel required an excavation approxi- 
mately 18 ft high and 32 ft wide. Each of the single-track tunnels required 
an excavation approximately 18 ft high and 18 ft wide. : 

Specifications provided that the methods used for tunneling should be 
suitable to the local conditions, and must not cause any injury to the founda- 
tions, walls, or other parts of adjacent buildings, structures, or surfaces, such 
methods to be subject to the approval of the engineers before work was begun. 
Such methods were to be changed from time to time as local conditions required, 
but at no time was the approval of the engineers to relieve the contractor of 
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his responsibility for the proper execution of the work. The contractor had 
the option to design and submit for approval any method of temporary tim- 
bering for the support of the rock before the concrete lining was placed. As 
local rock conditions made it advisable, the engineer had the right to order 
the tunnel lining placed before the excavation was completed. 
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Fie. 2.—Typican TUNNEL SECTIONS 
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The single-track tunnels were to be lined with concrete as shown in Fig. 2, 
such lining to include no reinforcing or structural steel. The double-track 
tunnel was also lined. The two arches met in an umbrella section, in which a 
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series of bents was concreted, consisting of double channels supported on two 
columns. The center wall between the two tunnels in which these bents are 
concreted has a series of cross-connecting openings spaced 15 ft apart. In 
each of the single-track tunnels there was a series of man safety niches in one 
side, spaced 15 ft apart. On one wall of the double-track tunnel, and on one 
wall of one single-track tunnel, a line of clay cable ducts was to be built, 
consisting of thirty individual 3.5-in. ducts connecting the manholes. On the 
other wall of the double tunnel, and in the other single tunnel, a raised walkway 
was to be built at the level of the subway car platforms for emergency and 
patrol use. The invert of all tunnels is 12 in., with cast-iron drain pipes laid 
; in certain locations, cross-connected between the two tunnels near the north 
end, all draining to the sump. 

The contract provided that the surface of the concrete lining was to be 
smooth and of a type known as “finished surface.” The contractor had the 
option to use steel forms so as to eliminate the need for rubbing the concrete. 
Grout holes were left in the concrete lining for filling any spaces left between 
the rock and the concrete. The installation of track, cables, and other oper- 
ating equipment was not part of this contract. 
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BorINGS AND GEOLOGY OF SUBSURFACE 


Prior to beginning the work, the city had several sets of borings made in 
the area under which the tunnel was to go, and reports of these were furnished 
to the contractors. Four of the borings were driven almost 200 {t below the 
street surface, chiefly to check what leakage could be expected from the 
Catskill Aqueduct approximately that distance below Sixth Avenue. These 
borings were one in each block (260 ft apart) and showed a great variety of 
rock recoveries, the samples removed ranging from 1% to a maximum of 93% 
of the boring depth. In addition, there were seven other borings taken to 
rock surface with a 10-ft core into the rock, and the recoveries varied from 
1.4 to 7.7 ft of that distance. . 

In addition to the borings several maps were also available showing the — 
accumulation of previous information, none of which, however, indicated the 
complexity of rock formations actually encountered. For instance, a field 
report of June, 1937, described 


regen: * SRA TL Saae ic One tc rat er ene 


«* * * rock in both tunnels of great variety, from soft, disintegrated 
schist to an extremely hard igneous syenite with seams of feldspar, which 
in some cases is so disintegrated that it can be taken out by hand. Seams 
are generally almost vertical, slight tip to the West and running almost 
to South slightly to East.’’ 


In general, the basic rock was schist, but in the volume occupied by the 
tunnels there were a great number of intrusions in the form of bands running 
southward about 20° to the east and almost vertical, sometimes tipped 5° to 
20° to the west. A't the north end of the tunnels a band of very hard syenite 
with quartzite intrusions was found crossing the double tunnel. In the vicinity 
of 45th Street a very hard and fine-grained syenite crossed all four tunnels. 
To the south of this band was a layer of disintegrated syenite which was so 
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soft that it could be broken easily by hand, and, in the terms of the blasters, 
was “dead.’”’ South of this point there was more mica schist, which again 
changed to disintegrated syenite a few feet in thickness, in contact with 
several layers of chlorite and serpentine, interspaced with disintegrated syenite. 
These latter layers were encountered at the extreme south end of the double 
tunnel, affecting the westerly part only, and crossed the south end of the 
Washington Heights southbound single tunnel near its southerly end, and 
also crossed the Queens southbound tunnel about 300 ft from its southerly end. 
Keeping in mind that these layers were encountered practically on edge and 
running diagonally across the face of the headings, the complexity of the 
drilling and blasting operations can be pictured easily. Practically no water 
was encountered at any point. 


SURFACE AND SUBSURFACE CONDITIONS 


The street width is 100 ft, and buildings occupy every available piece of 
ground the full length of the tunnels. These buildings vary from altered 
four-storied brownstone residences with stores on the ground floor, built about 
1880, to modern, fireproof, seventeen-story office buildings. In the middle of 
the street there was a two-track elevated railway, supported on wrought-iron 
columns spaced on 43-ft centers longitudinally, with two columns 28 ft apart 
in each bent. Train operation of this railway was continuous, with the 
average headway about 5 min each way. The columns rested on brick piers, 
some of which were carried to rock, and others were in the nature of spread 
footings several feet above rock elevation. 

Prior to the beginning of any construction, a careful examination was made 
of each building on Sixth Avenue, and also the buildings within a distance of 
100 ft east and west of Sixth Avenue. These examinations were made by 
representatives of the Board of Transportation and the contractor, and usually 
the owner of each building. Stenographic notes were taken during the exami- 
nation, and the report was signed by all those present. Where unusual 
conditions were found, the contractor also took photographs for his records. 
At the completion of the work these buildings were again examined to deter- 
mine whether any changes had occurred. 

To avert breakage of windows as far as possible, a wire cable and timber 
trussing were placed over each window with either dimension greater than 6 ft. 
This included all of the show windows. These “spiders” were kept in repair 
during the entire operation, and not one of the show windows along the line 
of the tunnel was broken. 

In the avenue itself, below the surface, there was an old brick sewer in the 
center about 14 ft down, built in 1890, or before, in a rock trench. At higher 
levels there were two cast-iron water mains, one 20 in. and one 12 in., with 
12-in. lines crossing the avenue at each street, Two steel gas mains were 
constructed in the avenue under the subway contract, prior to any tunnel 
work, to replace a great variety of old cast-iron gas mains that were found. 
In some points as many as twelve old gas mains were thus replaced. In the 
easterly part of the roadway there was a large bank of telephone cables laid in 
clay ducts, containing approximately 25,000 telephone circuits. There were 
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also two banks of clay ducts containing low-tension and high-tension power 
cables, one at each curb, with sub-branches and service lines. Similar sub- 
surface equipment also existed in each of the cross streets. 

Approximately 200 ft below the street surface there is a concrete-lined 
aqueduct tunnel of 15 ft inside diameter, bringing water under pressure into 
the city. The fear that subway construction would affect this tunnel delayed 
the construction of the Sixth Avenue Subway link until such time as the second 
aqueduct tunnel was completed in 1934. Such fear was unfounded, as proved 
by the record that no serious leakage was encountered at any point along the 
Sixth Avenue Subway construction. 


RELATION OF TUNNELS TO REMAINDER OF CONTRACT 


The open-cut work was the most important part of the contract, and the 
location of shafts for tunnel work was controlled by points fixed in the contract. 
Therefore, the plant layout in the tunnels, with the exception of special equip- 
ment used in the tunnel work, was included in the layout for the entire contract 
(see Fig. 3). As far as the tunnel excavation was concerned, all material was 
removed in cars on industrial track to a shaft at the southwest corner of 
46th Street, which was located at the west building line about 60 ft north of 
the portals of three of the tunnels and about 200 ft north of the fourth portal. 


- The subgrade elevation of the track adjacent to the shaft was 10 ft higher than 


the elevation of the subgrade of the tunnel portals. The disposal shaft was 
carried approximately 20 ft below the subgrade of the adjacent track, and a 
crosscut at the elevation of the lower tunnels was excavated to permit bringing 
cars to the shaft at tunnel grade. In the shaft a steel tower was constructed 
to accommodate a 6-cu-yd steel skip. By bridging the crosscut, cars could be 
dumped into the skip at two different levels 10 ft apart, the lower level taking 
care of the three tunnels, and the upper level taking care of most of the open-cut 
and the fourth tunnel. The skip was operated by a hoist located above 46th 
Street on a steel and timber framework, the drum thereby being spaced 50 ft 
from the guide sheave so as to permit a reasonable fleet angle of the hoist 
cable as it ran on the drum. The guide sheave was pinned for rotation about 
the vertical axis. 

Adjacent to the shaft, there was a compressor house and transformer vault, 
from which compressed air and electricity were supplied for the entire contract. 
Equipment for the compressor house consisted of three, two-stage electrically 
driven air compressors, each with a rated capacity of 1,320 cu ft at 120-lb 
pressure. In the transformer room there were three sets of 100-kva units, 
providing current at 208 volts. The air receivers and coolers were. directly 
below the compressor room, which was at truck elevation above street surface. 

All water for cooling was taken from city mains and was metered. ‘During 
tunnel operation, and also including supply for the open-cut work, power 
consumption per month ran from 130,000 to 190,000 kw-hr. Water con- 
sumption for compressors, for wet drilling, and for all other uses, averaged 
about 400,000 cu ft per month. 

The cost of air production at the compressor plant, as determined during 
the last six months of 1937 (during which time the plant was operated on 
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three shifts with an average production of 1,800 cu ft per min), was $0.0865 
per 1,000 cu ft. This cost includes the following, per shift: labor, $13.30; 
insurance, $2.66; power, $52.00; water, $8.50; and miscellaneous, $1.42—a total 
(without plant construction or equipment costs) of $77.88. 

Dynamite for the entire contract was stored in two separate magazines, 
one at 41st Street and the other near the compressor plant. The 41st Street 
magazine had a maximum capacity of 100 lb and the 46th Street magazine of 
250 lb. Practically all of the dynamite for the tunnels came from the 46th 
Street magazine, with the exception that some of the night shifts would draw 
on the other magazine for completing a round. Delivery of dynamite could 
be made only during daylight hours, and to some extent the blasting was 
controlled by the quantity that could be stored at the end of each day (approxi- 
mately 4:30 p.m. during the winter months) for use until 8:00 a.m. the next 
day. At each magazine, a dynamite watchman was assigned on each shift, 
and his duties were to mark each stick of dynamite with the license number 
of the magazine, keep a record of the withdrawals requested by each blaster, 
and prepare the information required by the Fire Department of the City of 
New York for the daily check on the use and purchase of dynamite. In the 
tunnel work, all dynamite was 40% gelatin. Most of the blasting in the 
tunnels was by delayed-action blasting caps. 

The blacksmith shop for the tunnel operation was in the open-cut already 
excavated to subgrade beneath the street decking, a short distance north 
of the tunnel portals. The blacksmith shop was connected to all of the tunnels 
by industrial track. 

All drill steel for the tunnels was 1}-in. hollow steel, purchased directly 
from the mill in full random lengths. Typical gage diameters for the bits 
(standard four edge) were 1 in. for drill steel 12 ft long, increasing % in. for 
each 2-ft reduction in steel length. All steel was sharpened, shaped, and 
shanked at the blacksmith shop, using two complete sharpening units with 
oil-fired furnaces. ‘Two of these units were operated on one shift, with only 
one unit on each of the other two shifts. This continuous use required relining 
of the furnaces twice during the entire contract. This excellent service was 
due mostly to the use of a special firebrick and latite mortar. During the 
last six months of 1937 the drill-sharpening cost per cubic yard of rock was as 
follows: labor, $0.313; insurance, $0.04; fuel, etc., $0.038; and water, $0.006— 
a total cost per cubic yard of $0.40 (plus equipment costs). The average 
steel required from the blacksmith was 3.64 pieces per cubic yard of rock, 
making an average total cost of 11 cents per drill sharpened. A blacksmith 
unit, consisting of three men, produced 350 pieces of drill steel, sharpened, per 
shift. The extra gang of men on one shift took care of preparing new steel 
and reshanking old steel as required. 


LaBor REQUIREMENTS, RATES, AND ORGANIZATION IN THE FIELD 


Under the terms of the contract, labor requirements, work assignment, and 
the minimum rates were fixed by the State Labor Law. Under such rules, 
with the exception of the foremen, no man could work more than five days in 
one week nor more than eight hours in one day, except in cases of emergency. 
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In addition, except in cases of emergency, no Sunday work was permitted by 
city ordinances. 

The job was organized on a three-shift basis, with eight hours in each shift, 
including one-half hour for lunch, payment being made on a straight basis for 
eight hours each shift. The foremen, including the blasters, worked six shifts 
a week, and the other men were rotated so that no man worked more than five 
days in one week. The exception to this rule was the “graveyard” shift, 
which omitted the shift starting midnight Sunday and only worked five days 
a week. Tunneling operation was continuous, therefore, from 8:00 a.m. 
Monday morning until midnight Saturday. However, concrete was poured 
only during the day shift, except that a part of the day shift was called at 
6:00 a.m. to prepare the forms, and in cases of necessity the 4:00-0’clock shift 
would complete the concreting at the expense of their regular work. 

The tunnel operation was considered a part of the entire contract, and 
under the supervision of the superintendent and master mechanic. However, 
three junior civil engineers were assigned to tunnel work only, one for each 
shift, in addition to the office work and planning, which were done by the 
engineering staff for the entire contract. 

Labor rates were fixed in the contract, and they held for the duration of 
the work under an agreement with the union organizations. Practically no 
labor difficulty was encountered during the entire tunnel operation. The 
labor rates were as follows: 


Item Item 

No. Classification Rate No. Classification Rate 
1 Mi*iners, drillers, and 8 Operating enginemen. $1.65 

underpinners....... $1.25 9 Conway operators (by 

2 Helpers foritem1..... 1.00 agreement)........ 1.25 
DEE LE DOLeErSs tee. te 0.80 10 Dinkey runners and 

Ae DIAcKSMIthss art er 1.40 maintenance engine- 

5 Blacksmith’s helpers... 1.00 MEN . eee 1.125 
Ge Cappenterss eee TTT” 1.40 it "Blastersva ee. eee 1.65 
7 Electricians (raised to 


$1.70 by agreement) 1.40 


Actually, distinct, separate trades were used as drillers and drill helpers, 
timbermen who did the underpinning and shoring, and timbermen helpers. 
By special arrangement, mucking operators were paid $1.25, the ‘operating 
engineman classification only applying to men on the hoists and on a large 
concrete pump. The operator of the small concrete pump was an apprentice 
engineman, as were also burners, welders, pipemen, and other mechanics, all 
at the rate of $1.125. 

Each group of drillers and helpers was under the direct supervision of the 
blaster; the timbermen and helpers were under their own foremen. The 
foremen were responsible to two shift bosses, each covering twelve hours, who 
in turn were directly under the superintendent. All the mechanical men were 
under the master mechanic, who assigned the work and was responsible for 
the performance of the equipment as well as the operators. 
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SEQUENCE OF OPERATIONS 


The general sequence of operations, as planned and as actually performed, 
was to start excavation of the Queens southbound single tunnel and the center 
cut of the double tunnel at the same time at the north end, and proceed south. 
The rock was shored simultaneously with the excavation during the drilling 
periods, except that, where bad rock was encountered, drilling was postponed 
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Fig. 5.—Proeress, Pourntne or ArcH CONCRETE 


until the rock was shored to the face. For the single tunnel, the concrete 
operation was first to pour the two benches and follow with the complete arch, — 
using the benches to support the form. Concreting the invert was postponed 
until the remainder of the tunnel was completed. 

In the center cut of the double tunnel after completion of excavation, the 
next step was ring drilling for the widening on each side of the center cut; 
then followed the concreting of the center bench of the “umbrella,” erecting 
the structural steel columns, and concreting the umbrella section to the roof 
so that the side supports of the roof bracing could be eliminated. The posts 
of the roof bracing were then used to line the two faces of the umbrella concrete 
while the ring-drilled rock on each side was shot out and removed. This 
operation, in turn, was followed by concreting each of the benches, completing 
the arch, grouting, and concreting the invert. The excavation progress and 
timing are illustrated in Fig. 4. The corresponding concrete progress is shown 
in Fig. 5. 

Although the original plan was to place the cut shot at the bottom of each 
heading, it was found too difficult in the field to drill diagonal holes nearer 
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subgrade than about 15 in. The cut holes were raised about 18 in. above 
subgrade (see rounds C, Fig. 6). The typical hole locations were varied daily 
to suit rock and seam conditions in the heading, the normal loading schedule 
(Fig. 6) being as follows: 
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EQUIPMENT 


To a large extent equipment purchased for the entire contract was used in 
the tunnels, except that the muckers were purchased chiefly for tunnel operation 
but were used partly in open-cut work. The drill jumbo and steel-erection 
jumbo were made especially for the tunnels; the concrete pumps were used 
chiefly in the tunnels; and the smaller unit was used in some open-cut work. 
The cars, track, dinkeys, pumps, and other small equipment were adapted 
for use both in the tunnels and in the open cut. 

The drilling jumbo was fabricated at the site from drawings made to fit 
conditions of the job. The first design called for mounting six drills, and this 
was later changed for eight drills, seven of which were used at all times and one 
for a standby. In general, the idea was to have drills at three levels, dividing 
the 18 ft of total height into approximately three equal sections. Hinged side 
platforms at the intermediate and top levels permitted the use of the jumbo 
in the 18-ft single-track tunnel as well as in the 14-ft center cut of the double 
tunnels. To compensate for the lack of dead weight, the structure being made 
as light as possible for easy shifting, screw jacks were placed at the top and 
bottom of the vertical columns for wedging against the roof and the floor of 
the excavated tunnel. The mounting was on trucks from small muck cars 
used on a previous contract. 
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Tunnel drilling operation was started with drills with 3-in. pistons. As 
soon as it was found that drilling time was slowing up the expected schedule 
of a round per shift, these drills (which had been used on a previous contract) 
were replaced by drills with 33-in. pistons. With these larger drills a round 
was drilled out in three hours. When the drill jumbo was changed from six 
to eight drills, the two additional drills installed were equipped with 4-in. 
pistons. 

During the tunnel construction it was found necessary, due to changes in 
the New York City Industrial Code, to change all the drills for better dust 
and fogging control. This was done by installing round pistons to eliminate 
the air leakage into the water tube, to change the location of the exhaust port, 
and to increase the size of the water tube. With these changes, fogging of the 
smaller drills was entirely eliminated and greatly reduced in the larger drills. 

All the mucking in the tunnels was with electrically driven machines. 
These machines were equipped with 50-hp, 208-volt motors; they were designed 
for an 18-ft cleanup width, and were equipped with a hinged boom and a 
chain-operated bucket at the end of the boom, with hard steel teeth and a 
rock-breaker knob. Four muckers of this type were purchased and used to 
some extent in the open-cut excavation before tunnel work was started. They 
were equipped with a 20-in. belt running in a 24-in. beam on the flat. In the 
first days of operation it was found that the flanges of the beam prevented 
proper contact between the mucked material and the belts. The upper 
flanges of the beam were cut away and rewelded to the web of the beam to 
form a sloping trough. This correction was made on the first two machines 
in the field and on the other two, which had not yet been shipped, in the shop. 
It was also noticed that considerable of the slip could be eliminated by a small 
stream of water running continuously down the sloping belt. Such slip was 
caused chiefly by the large quantity of mica in the mucked rock. 

At no time were four of the mucker units actually in the tunnel, the fourth 
unit being kept as a reservoir for spare parts. In addition, quite a large stock 
of parts was kept in the storeroom. The use of the rock-breaker knob on the 
under side of the bucket was discontinued after a short trial because it was 
found much easier and more economical to drill and shoot a large boulder 
between mucking periods than to spend the time required in the mucking 
cycle to break up the few large pieces of rock that were too large for the mucker 
to handle through its throat. 

Considerable study was given to the belts used in the mucking machines, 
not only because of the high cost of such helts, but also because of the time 
wasted when a belt broke and required replacement. The belts originally 
supplied by the manufacturer had been developed as the result of considerable 
research in the California tunnels. However, the rock conditions encountered 
on this contract were much more severe, especially because of the sharp edges 
and large quantity of mica. The average life of a belt was about 2,500 cu yd 
of rock removed. 

All track was of standard 36-in. gage, composed of 40-lb industrial rail, 
with standard switch points and frogs. Dump cars were 5-cu-yd, water-level, 
steel body, side dump, with side top hinged. They were dumped into the skip 
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at the 46th Street shaft by the use of a pneumatic cylinder 12 in. in diameter 
with sufficient stroke to unload the car surely by gravity. Two dump levels 
were provided directly over each other, and by operating the dumping with 
only one cylinder, to which the car at either level could be attached, the 
danger of some one attempting to dump two cars at one time was eliminated 
(see Fig. 7). 

The dinkeys for pulling the cars, the muckers being self-propelling, were 
electric-battery locomotives of 6-ton rated capacity, equipped with 42-plate 
batteries of the high cap type. Each dinkey had two sets of batteries, and 
four dinkeys in all were available for the tunnel work. The batteries were 
charged with a 30-kw, 108-volt, 1,750-rpm, 278-ampere generator direct- 
connected to a 50-hp, three-phase, 60-cycle, 220-volt motor. The batteries 
were charged at the upper level beneath the decking near the 46th Street shaft. 
By means of an overhead trolley hoist and beam track, batteries were raised 
from the dinkeys and placed into charging position quite efficiently. 

Due especially to the long wheelbase of the muckers, it was found necessary 
to use a minimum radius of 40 ft on the track and to maintain the gage of the 
track with standard railroad track-gage rods made over to the 36-in. gage. 
Wood ties were used, spaced about 30 in. on centers; usually 6-in. by 12-in. 
timbers were available from decking lumber, or 6-in. by 8-in. timbers were 
purchased specially. 

Practically all the concrete was placed by two concrete pumps. A small, 
gasoline-driven unit, with a 6-in. pipe, and with a conical hopper and integral 
agitator, was used in pouring benches. This smaller pump was also used on 
the umbrella and a part of the arch of the double tunnel, when the larger 
pump was being used elsewhere. The larger pump was the same make as the 
smaller, with a 7-in. pipe. It was propelled by a gasoline motor but of a 
model antedating the time when integral agitators were installed. The smaller 
pump gave an actual production of from 20 to 25 cu yd per hr, compared with 
30 to 35 cu yd per hr for the larger pump. 

Some of the smaller items in the tunnel, such as catwalk and duct-protection 
incasement, were poured manually from a special car with a high box body 
and side chute. However, about 98% of the concrete volumes, including the 
inverts, were placed with the pumps. 

Miscellaneous equipment also used included two blowers, each of 2,000- 
cu-ft-per-min capacity, interconnected with each other and with the ventilator 
pipe in each tunnel, so that a maximum capacity of 4,000 cu ft for either blowing 
or sucking could be provided in either tunnel. The vent pipe was composed 
of 8-in. thin-shell steel pipe with dresser couplings. Two short lengths of 
flexible tubing were provided, but after a trial it was found just as easy to 
remove one or two sections of the steel pipe from the heading as to use the 
flexible pipe. 

For trimming the roof, a stoper drill, with automatic feed, for l-in. hexagonal 
shankless steel, was used. All other drill steel was 1}-in. round. 

The drill-sharpening plant (which was situated just north of the tunnels 
beneath the decking and connected by rail with all the tracks in the tunnels) 
consisted of two complete units for making up and sharpening drilling steel, 
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as well as a small blacksmith shop. Each drill-sharpening unit consisted of a 
drill sharpener, with clamping dies for both 13-in. round steel and 1-in. hex- 
agonal steel. The equipment for each set comprised: A collaring device for 
the hexagonal steel and lug shanking device for the round steel, gaging dies, 
fuller dies, dollies for sizes from 18 in. to 3 in. inclusive, a shank and bit punch, 
an oil forge, and fuel-oil tank. No trouble was encountered with the operation 
of the blacksmith and drill-sharpening plants beneath the decking; the natural 
draft as a result of the difference in temperature between the street and the 
confined volume beneath the decking were found sufficient to take care of 
ventilation. 


EXCAVATION OF SINGLE-TRACK TUNNELS 


The nature of the rock exposed in the open-cut work made it necessary to 
begin tunnel excavation 10 ft north of the theoretical tunnel portal and only 
after a concrete beam protection had been placed above the tunnel portal (see 
_ Fig. 8). The purpose of the beam was to retain any loosened rock and thereby 
‘prevent damage not only to the street surface but to the subsurface structures, 
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as well as the foundations beneath the elevated columns a short distance to 
the south of the tunnel portal. In the preliminary excavation, it was found 
that, because of the seamy nature of the rock, carrying the drilling holes 6 in. 
outside of the net lines on all sides, including the bottom, was necessary in 
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Fic. 9.—Errect oF WiLD Cur SHor on BRACING 


order to reduce the amount of trimming. The cut shot normally did not follow 
the cut holes but broke away along the nearest seam (see Fig. 9). 

The general plan of operation was to drill one round sufficiently to give 
an advance of 6 ft and then blast and muck all in one shift. The typical cycle 
of operations in both the single and double tunnels is shown in Fig. 4. It 
must be kept in mind that the blasting operation was governed by contract 
requirements that not more than 100 lb of dynamite could be used in any one 
round fired. As a result, it was necessary to load and shoot three times in 
each cycle of operations. The normal procedure was to shoot the cut by 
itself, using one delay in some instances; the second firing took care of the 
relievers and some of the trimmed holes with five delays; and the final round 
cleaned the entire section, using from three to five delays (see Fig. 6). 

The Queens southbound single tunnel was the first of the single tunnels 
excavated. The record for August, 1937, the first full month of tunnel opera- 
tion, shows 34 rounds averaging 7.62 ft. It was found that, with seven drills 
operating and with a cross section giving 12 cu yd per ft of advance, an 8-ft 
advance completely filled the entire shift of seven and one-half working hours. 
If a greater advance was drilled and shot, the entire cycle of operation was 
interfered with. On August 4 and August 26 seams of rock were encountered 
in this tunnel that were so badly shattered as to require steel bracing directly 
to the face before drilling could continue. This was necessary as a safety 
precaution not only for the men in the tunnel but to avoid failure of street 
surface and elevated columns above the tunnel. 

During the entire month of September, 1937, this tunnel was in soft and 
seamy rock, the seams containing a slippery chlorite. Even with steel frames 
placed 3 ft on center, the pressure of the rock deformed the steel bracing. 
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In a number of areas the heading was progressed only after steel outriggers 
had been extended to the face at the roof and full timber lining was placed on 
both the roof and the sides. During the month the total progress was 170 ft, 
with the rounds averaging from 4 to 8 ft, some of them being greater than the 
actual depth of holes drilled. This tunnel was holed through on October 1, 
5 ft south of the theoretical portal and in rock so soft that the normal quantity 
of dynamite was cut to less than one half because a large area outside of the 
cut would move and fall when the cut was shot. When shot, this material 
fell vertically, with practically no displacement beyond the limits of the 
drill-hole length. 

The Queens southbound tunnel ran parallel to a part of the west track 
previously completed in the open cut in seamy rock. During the open-cut 
work the seamy rock was doweled by drilling across the seams and by grouting 
in l-in. square rods approximately 4 ft long. Some of these rods were en- 
countered in the tunnel excavation where breakage exceeded the drilled area 
by more than 1 ft. However, no damage was noticed at any time in the 
completed open-cut structure. 

At the south end, the seams in the rock were so soft, and in a number of 
instances actually open voids, that shooting was reduced to a few holes at a 
time to reduce the wild breakage. In this area six 6-in. H-beams were carried 
as cantilever lagging (‘‘crown bars’’) above the steel ribs up to the face, and 
after the top holes were shot the lagging was pulled ahead and blocked before 
the excavation was continued. During this work the advance in the single- 
track tunnel was given precedence over advance in the center cut of the double 
tunnel, and no attempt at any definite cycle"was considered. 

In the other single tunnel (Washington Heights southbound track), although 
much higher with less cover than the Queens southbound tunnel, rock condi- 
tions at the beginning were much better and holes were collared 3 in. outside 
of the'net lines. However, after advancing about 100 ft, the rock turned to 
a fine-grained syenite with soft mud seams and chlorite jointing. Large 
quantities of this material would fall from the roof during blasting, and the 
bracing steel showed definite signs of rock pressure (see Fig. 10). Where this 
tunnel came beneath an “el’’ column footing, steel bracing bents were placed 
on 5-ft centers for a distance of 25 ft in the schist rock. In the seamy rock, 
steel bents were placed 5 ft on centers continuously. Where the rock breakage 
was irregular, steel framing was altered to fit the actual breakage, especially 
on the side adjacent to the double-track tunnel which was already completed 
and which was only 2 ft or 3 ft away from the actual breakage. Near the 
end of this tunnel the rock was so poor that no attempt was made to make 
more than one round in twenty-four hours, especially since additional steel 
framing was found necessary as intermediate bents when the original framing 
started to show a sag. Soft ground methods could not be used for tunneling 
because the individual syenite rocks between the joints were hard and irregular. 
In January, 1938, the last 50 ft of progress was made in one week, and the 
remainder of the month was used in rebracing to clear the concrete lines and 
to place concrete in back of the side-wall sheeting to prevent movement of 
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The proximity of adjacent tunnels was shown clearly when a duct manhole 
was excavated in the side of the Washington Heights southbound tunnel where 
a theoretical clear distance between the tunnels was 5 ft. Because of the 
over-breakage of the two adjacent tunnels, and the fact that concrete very 
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often ran through the seams, the concrete of the Washington Heights south- 
bound tunnel manhole was encountered in three places in the double tunnel 
excavation. ih 
The Washington Heights southbound single tunnel was started on Novem- 
ber 8, 1937, with special shift periods. It was the only tunnel being excavated 
and was planned for 2 rounds in twenty-four hours, the drilling and blasting 
crews coming to the job at 8:00 a.m. and 8:00 p.m. and the mucking crews at 
2:00 p.m. and 2:00 a.m. At first it was found difficult to push the drillers so 
that blasting was completed before the mucking crew came to the job. How- 
ever, when the drilling crew was given an assignment to drill for a 6-ft round 
and the entire crew with the exception of one scaler was permitted to go home 
after the entire round had been shot out, the required progress was obtained 
easily. As a matter of fact, it was determined by the blaster that the one 
scaler who remained for the full shift was the driller who finished last. When 
this rule was instituted, the remainder of the crew usually went home in six 
to six and a half hours. Generally, between 100 and 110 holes were drilled, 
each 6.5 ft long, except the ten cut holes which were between 7 and 73 ft long. 
Seven drills were operated on the jumbo, using the 4-in. drills for the cut holes 
and the 3.5-in. drills for the remainder. The average production per twelve 


hours was 5.42 ft up to December 20 when the seamy and blocky rock was 
encountered. 
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EXCAVATION OF THE DousLe TUNNEL 


The general procedure in the double tunnels was to excavate the center 
drift for the full height, and about 14 ft wide, as a separate tunnel operation. 
Bracing was designed for future extension to incorporate the bracing of the 
enlargements on each side. After the center tunnel excavation had been 
completed, the two sides were ring drilled, and this was followed with con- 
creting of the center wall footing. The structural steel of the center wall was 
then placed, and the umbrella, consisting of the center wall and parts of the 
two roof arches, was poured as a unit, incasing the steel beams of the temporary 
roof support. The side enlargements were then made by shooting the ring 
holes previously drilled, taking each side as a separate operation. 

The center cuts of the double tunnel and the Queens southbound tunnel 
were started simultaneously from the same face in the open-cut excavation. 
During August, 1937, 36 rounds were taken with an average progress of 7.34 ft 
in fairly hard mica schist with some quartz intrusions. Near the south end 
of the tunnel the rock became quite seamy, and tunneling was stopped 40 ft 
south of the theoretical tunnel portal, although it had been planned to carry 
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this tunnel 80 ft into the open-cut area not yet started south of 43d Street. 
Ring drilling was begun immediately thereafter, using the drillers who were 
working in the Queens southbound tunnel at such times as the latter operation 
permitted. Ring drilling was completed on October 16 and was followed by 
steel erection and concrete center bench construction, working from 46th 


Street southward. 
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Fic. 12.—West WipENING IN DovuBLE TUNNEL 


Blasting for the east enlargement for the center tunnel was started at the 
north end on November 1, with a small crew, including two drillers for trimming 
in addition to the normal mucking crew (see Fig. 11). This work was done 
on a two-shift basis until the progress reached a point at which it was too 
close to the already excavated Washington Heights southbound tunnel, at 
which time the east widening was continued on a one-shift basis and the west 
widening was stopped until the adjacent tunnel was concreted and grouted. 

Progress in: the east widening during the first month was 288 ft on a two- 
shift basis. During the same month, beginning November 15, the west 
widening was extended 210 ft on a two-shift basis with separate and distinet 
crews and equipment. The intent was to keep the two widenings moving 
simultaneously but at least 75 ft apart north and south so that the blasting 
of one would not interfere with work on the other. Because of the dip of the 
rock seams, the east widening required much more additional longitudinal 
drilling than the west widening. 

As each widening progressed, the timber supports placed in the center 
cut were removed and used as a protection for the concrete umbrella (see 
Fig. 12). It also was found that an excellent protection for the upper edge 
of the concrete umbrella from flying rock was the cushioning effect of discarded 
rubber belts hung from the temporary roof steel and almost in contact with 
the concrete. 

The east widening of the double tunnel was completed on December 28, 
progress in December being 316 ft. Until December 22 work was done on 
three shifts, and after that one shift, per day, making an average progress per 
eight hours of 4.71 ft. The west widening of the double tunnel was closed 
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on December 17 with 193 ft still to go because of the proximity of the adjacent 
tunnel. In this tunnel progress of 334 ft in December showed an average of 
7.79 ft per shift. 'The much better progress on the east side shows the favorable 
direction of the rock seams. 

In both of the widening operations some steel bracing was found necessary 
because of the open seams, and such bracing was tied in to the roof steel 
previously concreted into the umbrella. The temporary steel bracing placed 
in the tunnels varied considerably, depending upon the rock conditions en- 
countered. In some areas no steel was placed, and in others steel frames were 
placed about 2 ft apart (see Figs. 13 and 14). Such variation corresponded to 
the variation in the rock, which was from an extremely hard igneous syenite 
with seams of feldspar and quartz to soft disintegrated schist and chlorite 
which in some cases was so soft that the material could be dug out by hand. 
Seams in the rock were generally almost vertical, with a slight dip from 5° 
to 15° to the west, and the run of the seams was almost to south, or directly 
in line with tunnel progress. Worse rock conditions under the small cover 
and closeness of tunnels scarcely can be imagined. 

In the single tunnels steel bracing frames consisted of four pieces of H-beams, 
which were usually 12-in. column sections cut to approximate shape and 
length with clip angles attached to each end of each piece. Connections were 
made by bolting the legs of the angles in contact and wedging with steel wedges 
as found necessary to take up the shape of the excavated tunnel. Typical 
sections of the type of bracing used, and details, are shown in Fig. 15. The 
steel bracing as well as temporary posts and lagging was placed by timbermen’ 
crews brought into the tunnel as found necessary (see Fig. 15). During July, 
1937, working seventy-four shifts, 70 bents were placed in the single tunnel 
and 71 bents in the double tunnel. These bents were placed in the total 
tunnel length of 479 ft. 

In February, 1938, after the single tunnels were concreted, the west widening 
of the double tunnel was completed in seventeen days on a one-shift basis 
with an average progress of 7.77 ft per day. The rock was soft mica schist 
with open seams, and steel bracing was placed every 5 ft. The average 
production for widening of the double tunnel for both sides was 6.50 ft per 
shift, which includes progress in 90 ft of bad rock at the south end of the 
west widening, where twenty-seven shifts averaged 3.36 ft. 

At approximately the middle of the double tunnel where the vent shaft 
and emergency exit were to be built, 30 ft of the center umbrella arch was 
omitted and a crossover track was installed to connect the operations in the 
east and west widenings. This crossover expedited the mucking problem when 
both of the widening operations were south of this future shaft. To eliminate 
any possible damage to buildings in the vicinity of the shaft, the plan was not 
to break through to the street surface until all tunnel operations were completed. 

In the three manholes excavated by widening the tunnels, 10-in. steel 
pipe connections were provided with the street surface to act as cable feed 
pipes for signal and other cables to be pulled in the ducts placed along the 
east sides of the Washington Heights southbound tunnel and of the double- 
track tunnel (see Fig. 14). These pipes were inserted in 12-in. cored borings 
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taken from the street surface into the excavated tunnels. Two of these holes 
measured from rock elevation about 6 ft below street surface, and were each 
22 ft long; the third hole was 133 ft long. A shot drill operated by a gasoline 
engine was started on December 14 at the first hole and all work was completed 
by January 10 for all three holes. Considerable difficulty was encountered 
because of the large amount of the shot that was lost in the seams of the rock. 
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However, the operation was quite successful, and the total cost of all labor, 
materials, and equipment was $11 per foot of core removed. There was no 
difficulty in placing a 10-in. (inside diameter) galvanized steel pipe in the 
cored holes. These pipes were grouted in and capped at the street surface. 


LABOR SCHEDULES, PRoGRESS, AND COSTS 
The typical labor setup for tunnel excavation is shown in Table 1. The 
weekly summary and averages of tunnel progress, consisting of the completion 
of the Queens southbound and the completed center cut for the double-track 
tunnel, are shown in Table 2 (see Fig. 4(a)). 
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TABLE 1—Lasor ScHEDULE ON TUNNEL EXCAVATION 


Queens era (Meg 
Sere Single ? tunne R BRC 
Discription south- | Heights a nee emar 
“etd tunnel¢ bound®| south- widen 
bound¢ ane 
(1) (2) (3) (4) (5) (6) 
ee 1 Ts igs ies ; 
Set : 2at7 2 Col. 4: 7 runners each for 2 shifts 
Drill eunnersin.as 5 9 9 el at 3 3 runners for 1 shift 
Drill runners’ helpers . . 8 9 2 at 7 é Col. 4: 7 runners each for 2 shifts 
Apprentice engineman . 1 1 1 1at1 | Col. 5: One shift only 
Powder monkey....... 1 1 Dr) oe a eee oe , 
Muck foreman........ 1 1 2atl1 1 Col. 4: Two shifts, 1 foreman each 
2at9 6 Col. 4: 9 laborers, 2 shifts 
Tunnel labor: i. +...-'- 7 7 i at 5 B laborers, 1 shift 
TA DOLETSii te eae ies ao s5-2iNe 3 3 3 ASUS Pee Me ak rn J 
Hoist engineman...... 1 1 1 lat 1 | Col. 5: One shift only 
Apprentice engineman. . 1 2 1 1 Col. 1: 1 extra on day shift only 
Dinkey operator....... 2 2 2 lat 2 | Col. 1; Only one during first month _ 
Heatrick 1 1 1 latl All columns; On day shift only; part time 
Electrician............ a emothars 
Tunnel boss........... 2 2 2 0 Cols. 2, 3, 4: Two bosses covered all 3 shifts 
a i 1 1 1 1 All Columns: One per shift and additional 
Powder watchman..... Then tor Sundays 
Totals for three shifts} 113 117 92 35 


« Also center drift of double tunnel; three shifts at one round per shift. & Three shifts. ¢ Also drilling 
two widening; three shifts. ¢ Two shifts, 8:00 a.m. to 4:00 p.m. and 2:30 p.m. to 11:00 p.m. ¢ Does not 
include timber crew, which usually comprised a foreman, 3 timbermen, and 3 helpers, for one or two shifts 
as the tunnels required it. 


TABLE 2.— SUMMARY oF TUNNEL EXCAVATION PROGRESS 


WASHINGTON HEIGHTS 
QuEENSs SOUTHBOUND AND QUEENS, 


Average 
TUNNEL NoRTHBOUND 
Week ending (1937): To : pee 
shot 
No. of Progress, No. of Progress, 
shots in ft shots in ft 
3 16.6 4 22.0 38.6 5.51 
16 38.5 8 41.1 79.6 5.38 
8 41.5 9 48.9 90.4 5.32 
6 35.0 8 49.0 84.0 6.00 
9 47.5 8 42.0 89.5 5.27 
8 44.0 8 49.0 93.0 5.81 
7 45.0 8 56.0 101.0 6.73 
9 59.0 9 61.0 120.0 6.66 
8 56.0 9 61.0 117.0 6.88 
8 60.0 8 57.0 ‘117.0 7.31 
8 57.0 9 65.0 122.0 7.18 
9 69.0 8 60.5 120.5 7.62 
8 66.0 8 63.0 129.0 8.06 
7 45.0 9 64.5 109.5 6.84 
f 22.0 1b 7.0 29.0 4.15 
7 36.0 Stns AAG 36.0 5.14 
September 26. 6.06 cc ces 6 40.0 40.0 6.67 
WCtOberEae dae thes oe eine 7 41.0 eu 41.0 5.85 
MObAl a oye behiees Looe ee 129 819 114 747 1,566 
Average progress, in ft per round...... 6.35 
No. of calendar shifts............... 294 . 23" = oo4e" 
eeoeres, in sa oe shift: 
o Peptember 7, 1937. wid. ohh 2.90 
After September 7, 1937........... re hes eat en a 
Lotalé gare e ots. F ose se eee eae 2.76 Bt Paes eee oe 
a ee eee 


.,,.2 Five days. * Completed. ©*From June 1. ¢ Beginning Se t i i 
drilling in two tunnels during spare time averaged 1.08 shifts, xe en 7, 1087, all three ae 
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Costs.—The average labor cost of all the tunnel rock removed in 1937 was 
$5.75 per cu yd. During August, with two tunnels being excavated, the total 
labor cost was $5.11, distributed as follows: 


Operation Dollars per cu yd 
Esaet eran mOuCkKInGat: 2.0. so ae lca ciattee te 4,93 
Compressor plant operation, .................1....-0:12 
Blacksmith shop operation, ...........-0.........-2 0.85 
PUOMIPSMNEMELTODSIE (tees see ke as Pee ee ee OO 
HOR TOTID Ce AN Ory iene La as va i a eh dah a aR 0.16 


The labor cost of ring drilling the double tunnel widenings was $26.20 per 
lin ft of tunnel, ring drilled on two sides. 

A study was made of the comparative costs of tunnel excavation for the 
full face running two tunnels at one time, as occurred when the Queens south- 
bound and the center cut of the double tunnel were worked, and the cost of 
excavating the widening tunnels of the double tunnel in the manner in which 
it was done with ring drilling, or as separate tunnels with longitudinal drilling. 
In general, the labor cost of driving two tunnels together is practically the 
same as the labor cost of the drilling and mucking in widening the double 
tunnel (see Table 3). However, considerable time was saved by the ring- 


TABLE 3.—Lasor Costs or Ringe Drittine Versus DRIFTING, 
IN DoLuaRS PER Cu YD 


ACTUAL® ALTERNATE? 
Operation 
: Rock Rinse 1.5 shots i shot Re 6-ft 
excava- sas per per shots per 
tion? drilling: shift shift shift 
Drillers required for 4.5 shots at 6 ft, 

ELH A a Py vexnke sees 6 4 5 eae 
EUNICE gee Ee aaa } 1.82 ; , 82 
Blasting, mucking, and trimming. . 4.23 2.46 5.08 5.86 3 
Compressor plant operation........ 0.12 0.12 0.12 0.12 0.12 
Bharpening steelin: cc ce. ek ees 0.35 0.35 0.35 0.35 0.35 
Repairs to equipment............. 0.25 0.25 0.25 0.25 0.25 

MLS Rea cd Sltenel state ceyeye oye) else » 4.95 5.00 5.80 6.58 4.54 


4 Cost of two tunnels as driven. % Comparative labor cost of rock excavation. °¢ Ring drilling and 
widening as of December 13, 1937. 4 Probable costs of driving two drifts instead of using the ring-drilling 
method. ¢ Very unlikely condition. 


drilling process. There is an indirect saving (which is difficult to estimate) 
in the continuous use of drillers while the Queens southbound tunnel was 
being finished, and there is a saving of 50% in the dynamite cost in the excava- 
tion of the widening cuts over that used in the other tunnels. 

For the entire tunneling operation, the total labor costs were as follows: 
Charged to excavation of 30,000 cu yd, $190,000; charged to timber, placing 
155 million fbm, $16,224; charged to steel, placing 578 tons, $23,306; and 
charged to grouting 2,300 bbl of cement, $3,235. To the foregoing should be 
added labor costs in the blacksmith shop; equipment repair outside of drills; 


a 
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| compressor-plant operation; the proportion of the cost for setting up the com- 


} 


. 


pressor plant and the mucking shaft; and the pay roll of the master mechanic, © 


superintendent, timekeepers, storeroom keeper, and engineering overhead. 


Dust CoNnTROL 


After excavation was begun, instructions were received to comply with the 
then latest regulation of the New York State Industrial Code concerning dust 
control in rock excavation work. Such a code did not exist at the time the 
contract was awarded, and, with the exception of normal ventilation and wet 
drills, no special provisions had been made for such compliance. On June 16, 
1937, the New York State Industrial Commission sent representatives, together 
with observers from the New York Labor Department and the U. 8. Bureau 
of Mines, to take dust count samples during the drilling operation. Although 
no definite results were reported to the contractor, it was made known indirectly 
that compliance with the Code would be required and that some method must 
be submitted for approval unless the strict requirement of the Code (which 
at that time permitted only dust collectors) was provided. 


Immediately thereafter, tests were run in the excavation with wet drills — 


of various types (ventilation being both by blowing and by sucking within the 
maximum capacity of 4,000 cu ft per min available). Tests were also made 
to determine the effect of ‘several types of wetting agents mixed in the drill 
water. Private dust counts were made under each of several combinations of 
the foregoing possible remedies. 

As a result of all of this research, a method or formula for dust control 
was submitted to the New York State Industrial Commission and after ap- 
proval was incorporated in the Code. The rules set up for compliance with 
the amended regulation included the following seven items: 


(1) Wet drifters shall be fitted for 14 to 2 gal per min of water applied to 
the drill steel; ; 

(2) The exhaust port of the drifter shall be directed away from the face; - 

(3) A minimum amount of air shall pass through the hole in the drilling 
steel; 

(4) No holes shall be directed upward except a minimum at the top of the 
tunnel; 


(5) Air shall be exhausted at the rate of 1,200 cu ft per min per each drifter 


—maximum size, 4 in.; 
(6) The half-throttle, air-bleeder port shall be plugged; 
(7) All holes must be collared wet. 


The quantity of water that flowed through the drill needles was tested 
under various pressures, both for the ze-in. standard needle and for the 3-in. 
special needle. It was found that the rate of flow varied between 1 and 2 gal 
per min between the pressures of 20 and 70 Ib per sq in. for the g-in. needle, 
which was adopted for all drills. 

Before any special control methods were used, dust counts were made of 
the air in the tunnel without drilling and also on the street surface. It was 
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not unusual to find a dust count more than twice as high in the air at the 
street surface as in the tunnel without drilling. 

A complete report of all these tests has been published by F. B. Flinn and 
P.S. Miller,? Assoc. M. Am. Soc. C. E. 

In connection with compliance with the Code (which provides one per- 
missible dust concentration for rock containing less than 10% free silica and a 
different permissible concentration for rock containing more than 10% free 
silica), a study was made to determine whether the average rock encountered 
came in the classification of more than, or less than, 10% free silica. Except 
for the approximate petrographic methods, the only reliable chemical method 
for this determination, found after a thorough detailed study by the experi- 
mental laboratories of the DuPont Company, was that described by A. Shaw? 
in 1934. This method is so detailed that only the best equipped laboratories 
could perform the test and then only after about a week of work. Another 
method reported by Sartorius and Jotten* is a combination of chemical separa- 
tion and centrifuging the free silica from the solution. Neither of these 
methods was considered practicable enough for attempting a determination of 
the true amount of free silica in the rocks encountered. When the question 
was presented to the New York State Industrial Commission, and samples of 
rock were sent for inspection, it was reported that the rocks contained more 
than 10% free silica without giving the exact percentage or advising what 
method had been used. 


THE EFFECT ON THE “HL” STRUCTURE 


During tunnel operations, daily readings were taken on level points fixed 
on all elevated columns above the excavated parts of the tunnels and for some 
distance beyond the headings. Practically no deviation in elevations was 
found in any of the columns except the one column directly above the Wash- 
ington Heights southbound single-track tunnel, near the south end. During 
excavation a slight settlement was noticed in this column. Since the excava- 
tion was through soft material that broke very poorly, steel bents were placed 
to support the roof. After the tunnel was completed, some of this steel 
bracing required readjustment to clear the concrete lines, and during this 
operation a considerable mass of loose material that had been resting on the 
roof steel fell down. This happened directly below the elevated column 
footing, which, however, was not a dangerous condition because the elevated 
column load had been jacked up on two temporary steel beams above the street 
surface as soon as the settlement in the column had reached 1 in. After all 
the loose material had been allowed to fall, exploratory drill holes were started 
from the street surface, and it was found that this footing was resting on a 
layer of rock about 5 ft in thickness with soft material below it. This rock 
was consolidated by grouting from the street surface, as well as through the 
concrete after it was poured. The column itself was loosened from its footing 
and jacked up to proper elevation, and the intervening gap was filled with a 
dry-packed grout. 


2 Engineering and Mining Journal, Vol. 139, July, 1938, pp. 38-43. 
3 The Analyst, Vol. 39, 1934, p. 449. 
4 Zentralblatt fiir Gewerbehygiene, Vol. 21, p. 65. 
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DYNAMITE 


Contract specifications limited the use of dynamite to not more than 100 lb 
of 60% gelatin strength in any one blast, including delayed explosions. As 
stated previously, the rock was of such nature that 40% gelatin dynamite was 
found more suitable. 

The total quantity of dynamite used for excavating these tunnels was 
2.98 Ib per cu yd, net measurement, of 40% gelatin strength. Based on 
actual excavation, due to over-breakage, the total was actually about 24 lb 
per cu yd. On the average one cap was used for each six sticks of dynamite, 
or 3 lb. : 

The weight of dynamite per cubic yard moved varied from month to 
month, depending upon the type of rock encountered. The maximum was in 
June, 1937 (3.12 lb); the minimum was in January, 1938 (1.04 lb). The 
average dynamite consumption for straight tunnel excavation was approxi- 
mately 3.10 Ib per cu yd, and the average for shooting ring holes was 1.65 lb 
per cu yd. 

All detonation was electrical, a separate blasting line being carried into 
each heading from a switch located at the portal. 


CONCRETING 


Concrete in all arches, including the umbrella portion in the double tunnel, 
was placed by concrete pumps, using steel forms. Total forms purchased for 
the job included a 30-ft section of umbrella form, a 30-ft section of side arch 
that was usable in either of the enlargements for the double tunnel, and a 
30-ft section of single complete arch tunnel. The umbrella form consisted of 
two side panels and part of the arch with a trussed framework that supported 
the wheels. The form collapsed by sliding it on the wheel shaft. This was 
done by turning the shaft with a ratchet handle, thereby pulling the form away 
from the concrete. By means of screw jacks built into the wales, the form 
was collapsed vertically. In this manner the form tended to lean toward the 
concrete, and rollers were provided to run on the concrete while the form 
ahead was moved. Bulkheads at each stage were built up with wood. For 
the remainder of the double tunnel a usual type of traveling form was used, 
with jacks at the bottom, and it covered approximately three quarters of the 
arch. In detail it was very similar to the complete tunnel form. 

The complete form for the single-track tunnel was 30 ft long built up in 
multiples of 6 ft. Two openings in the side-wall were spaced 15 ft apart for 
niches. The trussing and framework for the form, including the traveler, were 
so arranged that a muck car could be run through the form, and in a number 
of locations such a procedure was necessary. Usually, timber braces were 
placed across the legs of the traveler to increase the stiffness of the form. 
Because of the fact that the tunnel is wider on curves, a slip lap joint was 
provided for the top plate which, in the wider part, resulted in a flat spot at 
the top of the arch. This panel was really the key plate, placed last as the 
concrete came up to each section. The form was held in place by means of 
screw anchors embedded at accurate spots in a short height of the wall built 
with the benches. The same rail was used as for mucking, additional rail 
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lengths being moved ahead to accommodate the wide gage of the traveler. 
Collapsing of the form was by lowering the screw jacks on to the axles. The 
concrete record and progress are shown in Fig. 5 and the location of equipment 
in Fig. 16. 
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Fic. 16.—Concretine Setups 


In the single-track tunnel, concrete arches were poured at the rate of 30 ft 
each day, using the larger pump. In the double tunnel, the umbrella section 
was poured at the rate of 30 ft a day with the smaller pump, such a pour being 
between 40 and 45 cu yd. The complete arch pour was about 135 cu yd. 

No difficulty was experienced in pouring once every day. The early 
morning shift collapsed the form and moved it ahead, and carpenters starting 
about 6:00 a.m. would build the bulkhead and prepare for the next pour to 
start at 10:00 a.m. After the first few days of operation, and after all the 
idiosyncrasies of the concrete pump apparatus were fairly well understood, 
the 135 cu yd of pour would be finished by 4:30 p.m. The concrete pumps 
were placed at approximately subgrade level, and the concrete was chuted 
down from mixing trucks at the street surface through circular 8-in. elephant 
trunk chutes. The rate of delivery was controlled by bell signals between the 
pump operator and the street surface. Pump operation was controlled by 
the engineers stationed at the pump in accordance with electric bell signals 
from the foreman at the form. Very little difficulty was encountered because 
of the rule that all signals, when received, must be repeated by the receiver, 
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and the little additional expense of providing return signals from each line ~ 
was found much worth while. 

In some instances in the double tunnel it was found possible to place the 
pump in the shaft area at approximately the middle of the length of the tunnel 
and at the street surface, using a down-feed pipe to the tunnel level. With 
fairly uniform delivery of concrete, and starting each day’s pour with approxi- 
mately 3 cu yd of cement grout to lubricate the pipe, no difficulty was found 
in pumping concrete approximately 500 ft horizontally and 20 ft vertically. 

At a point about 30 ft from the form an air-connection tee was added to 
the concrete pipe to be used as a booster for filling up the form. When the 
concrete had filled up the entire form and the end bulkhead had been completed, 
the short pipe sections inside the form were removed as the concrete filled up 
the volume. Air at 100-lb pressure was admitted into the concrete pipe, and 
the fluid concrete ahead of the air inlet, about 30 ft in length, was shot into the 
concrete mass inside the form. This operation, it was found, could not be 
repeated safely until the normal pumping had again filled up the entire pipe 
length; otherwise the back pressure clogged the pipe between air connection 
and pump. 

With this procedure the concrete could be pushed up 6 ft above the outlet 
pipe inside the form where rock crevices were that high; and, as far as visual 
inspection was concerned, the concrete seemed to be tight against the rock. 
During pumping operations, it was found practically safe (although not 
unduly comfortable because of the high humidity and temperatures) for men 
to work inside the form when placing and tying grout pipes, spading concrete, 
and operating vibrators. 

The typical labor setup for concreting, including stripping and shifting 
steel form, building bulkheads, setting and brazing copper water stops, setting 
up concrete pipe, setting and making up grout pipes, revising steel bracing, 
concreting, and cleaning up pipe and concrete pump, was as given in Table 4. 


TABLE 4.—Lapor ScHEDULE FOR CoNCRETE WorK 


Tj Tim- C Con: Con: j 
‘im- er- ar- | z in- 
Description ber- men Labor- pen- CTRLe ja] “cree Prive 
Hse eke ers tare fore- | labor- ps 
tn axe pa nginemen — 
Single Tunnel Form: ae : 
Queens southbound tunnel........... 4 4 5 10 | 14 3 : 
Washington Heights southbound tunnel 5 6 Ris 14 1 11 si 
Double tunnel, west arch............... 6 7 2 16 1 11 5 , 


The labor cost for stripping, moving, and resetting forms and building bulk- 
heads was $0.23 per sq ft contact area of tunnel surface (not including areas 
of bulkheads). i : 
The total labor cost of tunnel concrete in 1937 was $3.80 per cu yd, to 
which must be added the cost of the forms, insurances, overhead, and concrete, 
including the value of the excess concrete outside of pay lines. This labor 
cost includes all of the men involved in preparing, setting, and removing the 
forms, and the placing of the concrete inside the form, placing the grout pipes 


t 


~ 
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Fie. 17.—Sourn Env or Dovusie TUNNEL 


Fic. 18.—Dousin TunneL Compietep Excepr ror CaTwAaLk 
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and water stops, and any incidental work in connection with the concrete 
both for the arches and the benches. 


STEEL ERECTION 


In the double tunnel, structural steel columns and base and top grillages 
were erected in the center wall. Top grillages were continuous over two 
columns in the form of bents independent of each other. The structural steel 
was brought into the tunnel on the mucking tracks and set at the side of the 
tunnel until all the steel had been delivered. Erection was by hand, using 
the roof bracing for attaching block and falls. As the structural steel was set 
in place, the track had to be removed. A total of 102 tons of steel was brought 
in with a total labor cost of $22.37 per ton, including supervision, erection, 
labor, riveting, and trucking from lighters about 2 miles away. 


COMPLETION OF TUNNELS 


After the main arches were poured, in which grout pipes had been installed, 
the track remaining in place, a grouting gang was sent through to grout all 
the holes that would take it, at 50-lb to 60-lb pressures. This was followed 
by a second run at 60-lb pressure (and in some cases more), after which the 
grout holes were filled. At the same time, any finishing that needed to be © 
done on the concrete, such as removal of fins, was completed (see Figs. 17 and 
18). Grout pipes were 2 in., with a coupling set flush on the form. Grout 
cocks were connected by nipples, which were removed after the completion 
of grouting. 

The grout used was approximately of 1:1 mix. The grouting machine 
ran on the track, and the sand and cement were brought up in bags on flat 
ears. The Queens southbound single tunnel, 700 ft long, required 1,210 bbl 
of cement, or approximately 132 bbl of cement per linear foot of tunnel. The 
total cost of this grouting was as follows: Labor, $1.24; insurance, $0.24; 
cement, $2.10; § cu yd of sand, $0.25; sales tax, $0.05; and air and equipment, 
$0.12—a total of $4 per bbl of cement. In the other tunnels the labor cost 
ran quite uniformly the same, at $1.25 per bbl of cement. The average day’s 
production was 250 bags of cement, and the maximum day’s production was 
356 bags. 

At convenient times the inverts were graded by hand, removing the track 
after grading was completed. The invert concrete slab was 12 in. thick, and 
in some locations covered cast-iron drain pipe was set slightly below the invert. 
This concrete was placed by pump, keeping the pipe on the side bench. One 
shift could easily do 250 ft of invert, or 125 cu yd, using the small pump. 

In two of the tunnels a catwalk, or emergency walkway, was built in 
sections of about 30 ft, re-using a set of forms for the entire length of two 
tunnels. In the other two tunnels a bank of 30 clay ducts was laid against 
the wall and concreted in, the top becoming the catwalk. 
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SHAFTS 


After the tunnels were concreted completely, two shafts were excavated 
down from the top. The west shaft required removal of only the thickness 
of rock between the two tunnels which crossed each other at that point— 
approximately 5ft. Mucking was by crane and buckets from the street surface. 

In the east shaft, where the cover was about 20 ft above the tunnels, earth 
and some of the rock were removed from the street surface to expose and 
protect the water main and utility ducts, and also to deck the opening in the 
street surface; then by means of long drilling, holes were driven through to 
the tunnel. The rock was then blasted into the tunnel by loading the bottom 
of the holes. Mucking, again, was by crane and buckets from the street 
surface. 

In the east shaft niches were cut to provide for the exit stairways connecting 
the catwalk with the street surface, in this way avoiding open excavation 
immediately adjacent to the building. In spite of the seamy rock in the east 
. Shaft, steel bracing in the tunnel and in the shaft prevented any movement 
of the rock, and the operation was completed without hazard to the pedestrian 
traffic as well as the buildings immediately adjacent to the shaft. 


ACCIDENTS 


In general, the tunnel operation was remarkably free of accidents, although 
there was one fatal case. As far as equipment was concerned, at one time a 
mucking machine tipped over in the tunnel causing a loss of three hours in 
schedule but no injuries. At another time a piece of roof fell out on the boom 
of the mucking machine and broke the beam connection, without any personal 
injuries. The fatal accident occurred on the last night of tunneling when a 
small piece of rock fell from the roof and injured the mucking machine operator, 
who at the time was watching the track gang install the last piece of track for 
the final cleanup; the man died some days later. 

To reduce accidents, every man in the tunnels was required to wear a 
safety hat and safety boots that were provided with nonskid bottoms and 
aluminum tips. The foremen were held personally responsible for accidents 
to the men in their crews. No separate record was kept of accidents in the 
tunnels as against those on the remainder of the contract. The total record 
of lost-time accidents from July, 1937, to April 1, 1938 (during which period 
most of the tunnel work was done), shows a total of thirty-seven accidents 
for the nine months, of which thirty-two were lost-time accidents. The 
number of men engaged in that period averaged between 400 and 500 per day. 
In this period of nine months the maximum number of lost-time accidents 
per month was eight in the month of July and the minimum was one in the 
month of February. There was no accident involving any one outside of 
regular employees. Alleged damage to neighboring property along the line 
of the tunnels was practically nil. 
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PERSONNEL 


Contract for the construction of Section 10 of the Sixth Avenue Subway, 
which included these tunnels, was awarded to the Rosoff-Brader Construction 
Corporation, which, in August of 1938, became the Brader Construction 
Corporation. The chief engineer of the Rosoff-Brader Construction Corpora- | 
tion was Fred W. Stiefel, Assoc. M. Am. Soe. C. E. 

The work was done under the supervision, and in accordance with the 
design, of the Board of Transportation of the City of New York, of which 
Jesse B. Snow, M. Am. Soc. C. E., is chief engineer. During the tunnel- 
construction period, the late Byron Houghtaling, M. Am. Soc. C. E., was 
first division engineer, with Charles M. Madden, M. Am. Soc. C. E., as section 
engineer at first. Later, Mr. Madden replaced the late A. M. Mayell as 
subdivision engineer. This work was completed under Francis V. Hayes, 
Assoc. M. Am. Soc. C. E., as section engineer. The design was prepared by 
Albert Goertz as design engineer for this section. 

In the contractor’s organization, all of the construction procedure and 
operations were under the control of the writer, who was in charge of the 
construction. The engineering staff not only designed the methods of pro- 
cedure but ordered the materials, laid out the work for the various shifts, and 
in general scheduled the operation of construction. In the field one engineer 
was assigned to each shift in the tunnels, the three shifts being covered by 
S. M. Marks and Sidney Philip, Juniors, Am. Soc. C. E., and James Lyttle. 
The dust-control work, as well as some of the office work in connection with 
the planning of the drilling, equipment, etc., was done by Philip S. Miller, 


' Assoc. M. Am. Soc. C. E., aided by Sol Rusitzky and W. Mortensen in the 


office work. ; 

The superintendent was Jacob Siebert, to whom too much credit cannot be 
given for the success of the operation. Joseph Tinley was master mechanic 
and Walter Reed was master electrician. Shift bosses were Harvey Urey 
and Due Carroll. Credit must be given not only to these men but to all the 
loyal mechanics and laborers in their respective gangs. 
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MODEL TESTS, BRIDGE PIER SUPPORTED 
ON LONG STEEL. PILES 


Discussion 


By ‘THOMAS F. COMBER, JR., M. Am. Soc. C. E., AND 
JOHN M. COAN, JR., JUN. AM. Soc. C. E. 


Tuomas F. Comper, Jr.,6 M. Am. Soc. C. E., anp Joun M. Coan, Jr.,’ 
Jun. Am. Soc. C. E. (by letter).?“—The writers are indebted to Mr. Feld for 
his discussion and for his general approval of the paper. Mr. Feld questions 
the safety of such long piles in actual construction... The purpose of making 
these tests was to answer this question and to determine by actual measure- 
ments the stresses in, and the action of, such unprecedented piles. However, 
in the actual construction, the pier caps were extended to a level just below 
the mud line, and this considerably reduced the unsupported length and the 
deflections of the prototype pier. 

Mr. Feld also suggests the possibility that, in such soft material, caisson 
construction might have been feasible. In this particular case, with more than 
100 ft of soft mud in some places, the cost would have been out of the question 
if the piers were to be extended to solid material or rock. 

The writers made clear, in the paper, their reasons for neglecting the re- 
straining action of the soil. Mr. Feld agrees that this will give a more critical 
-_ stress condition than actually would exist in the prototype. 

In discussion, the writers had hoped to develop some mathematical analyses 
for such pile groups, using the test data asa check. This was the main purpose 
of submitting the results of this research to the profession, and no claims were 
made as to the practicability of the proposed construction. 


Norz.—This paper by Thomas F. Comber, Jr., M. Am. Soc. C. E., and John M. Coan, Jr., Jun. Am. 
Soc. C. E., was published in June, 1940, Proceedings. Discussion on this paper has appeared in Proceedings, 
as follows: January, 1941, by Jacob Feld, M. Am. Soc. C. 

6 Associate Prof. of Civ. Eng., Civ. Eng. Dept., The Johns Hopkins Univ., Baltimore, Md. 

7 Stress Analyst, The Glenn L. Martin Co., Middle River, Md. 

7a Received by the Secretary March 18, 1941. 
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CAVITATION IN OUTLET CONDUITS 
OF HIGH DAMS 


Discussion 


By Mgssrs. V. E. LEMAN, P. S. O’SHAUGHNESSY AND 
E. S. RANDOLPH, AND CARROLL F. MERRIAM 


V. E. Leman," Esa. (by letter).“°—Efforts, made in recent years, to arrive 
at a clear conception of the processes relating to the behavior of water in the 
cavitation zone, have not met with much success. J.C. Hunsaker® has referred 
to this condition, as follows: ‘‘We cannot describe the exact mechanism by 
which wall damage results, but there must be some connection with the fluctua- 
tion of pressure resulting from the collapse of water vapor which periodically 
becomes unstable in such vapor phase.” 

In the light of such developments, Messrs. Thomas and Schuleen have 
rendered a most valuable service in giving an analytical demonstration of 
the hammering power of a slug of water traveling into a confined space. 

The writer feels, however, that the full scope of the analysis has not been 
exploited by the authors, who limited themselves to a single aspect of the 
process—namely, to the action of a slug of water sandwiched in between two 
vapor cavities, without taking into consideration other factors instrumental in 
producing pitting in the cavitation zone. Ae 

Under the heading, ‘‘Behavior of Original Madden Dam Conduit Entrances 
in Models,” the authors describe the character of flow at the collapse zone as 
one “‘where especially intense impacts are caused by collisions between the 
swiftly moving water of the streamline filaments and the broken masses of 
water and vapor hurled against these filaments from the interior of the pocket.” 

It seems to be an established fact that, when a vapor cavity collapses, 
water rushes into it, eventually reaching the wall, not in the shape of broken 
masses but usually retaining, in substance, its pattern of continuity. It is the 
writer’s contention that both the broken masses and the streamline filaments 
contribute to the destruction of the wall. 


Norr.—This paper by Harold A. Thomas, M. Am. Soc. C. E., and Emil P. Schuleen Assoc. M. Am 
Soc. C. E., was published in November, 1940, Proceedings. Discussi ni i peared in 
Proceedings, as follows: March, 1941, by Jerome Fee, Nace. M. hears ee paper has spear as 


11 Civ. Engr., New York, N. Y. 
ue Received by the Secretary March 11, 1941. 


5 “Cavitation Research,” by J. C. Hunsaker, Mechanical Engineering, Vol. 57, April, 1935, p. 211-216. 
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To substantiate his point of view, the writer presents a “physical picture”’ 
of what, he considers, happens when water enters a crevice, either in the form 
of an isolated slug or of a solid column. The picture may be helpful also in 
visualizing the processes inherent in the travel of water into converging spaces 
under ideal conditions (as assumed by the authors), these processes being, 
ordinarily, somewhat puzzling. The case of a slug, in accordance with the 
authors’ analysis, will be first presented. 

For the sake of simplicity the crevice is assumed to be not a pyramid, as 
used by the authors, but wedge shaped, as shown in Fig. 15. To facilitate the 


Fie. 15 


calculations the sides of the wedge are assumed to slope at a rate of 1 on 4, 
which makes the spread of the wedge equal to one half the distance to the tip T. 
A slug of water (of a width 1 normal to the plane of the drawing) moves 
from its position A B C D to a new position A, B; C; D,, with its rear traveling 
a distance d,, and its front a distance d;. Due to convergence of space, dy; is 
larger than d,, as volume A A; D; D must be equal to volume B B,C, C. This 
faster movement of the front in relation to that of the rear becomes more and 
more pronounced as the slug travels toward the tip of the wedge. The follow- 
ing analysis will express this algebraically: 
Suppose the slug A BC D moves from a position, where its rear is ! units 
away from the tip 7, to its final position when its front hits the tip—this final 
position being represented by a triangle S 7 U, with a base 5 and a height 10. 
As the volume A B C D is equal to the volume of the triangular prism S TU: 


(54152) 2 = 251 ~ a5, 


i 
2 


2 2 2 


or 
C= NN OO ot rere de A Ce Soe (24) 


in which x represents the changing length of the slug as it travels toward the tip. 
From Fig. 15: 


‘ ‘ P 
; 
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and 


in which J and 2 refer to the initial positions, and 1; and 2, to the new positions 
of the slug in its various stages of travel toward the tip. 


Noting that expression © represents the relation of average velocity of the 
Tr 
front V; to that of the rear V,, the movement of the front and the rear occurring 
in the same interval of time: 
Vy _ a5 _b-htu-2 


ee ET EEE on 26 
V; d, l e li ( ) 


and, as the energy changes with the square of velocity: 


es AB ee 
Es _ (Ye) eC ee ee (27) 


in which E; and E, represent the energies of particles at the front and the rear 
of the slug, respectively. 

Eqs. 24, 26, and 27 have been used to plot the curves in Fig. 16, the values 
of 1 being selected in such a way as to give the more characteristic points 
shown. One can readily see 
that, for an ideal case of mo- 


1200 20010° tion (no viscosity, no elastic 

; deformations and absolute 
| 1000 vacuum), the relations of 
Rs Pear ose al cot a | 150x10? _,, Velocities and energies of 
| = = | Sk front and rear may become 
7 Ey een Eee Fit ‘o~=—s infinite, with practically all 
| ” oo ph ttel vl scot tooxioee 2 CRerBY concentrated at the 
3 | 2  tipofthecrevice. Thisisin 

e t £ complete agreement with the 
400 authors’ statement to that ef- 

50x10° fectin presenting Eqs. 3 and 4. 

200 The case of streamline flow 

involves conditions differing 

| : 5 in many ways from those of 
‘ % % b bb oe a slug; whereas the latter is 
x x x Kk x comparable to a flying pro- 

3 ¢ Px os 3 jectile, the former is charac- 

VielOe soko Iae eae terized by a water column 

Fralvié reaching back to the free 


water surface of thereservoir. 

The purely kinetic energy formulas (Eqs. 1 and 2) must now yield to the 

total energy equations that would include the pressure energy as well, no 
matter how small this factor appears to be in the low-pressure zone. 

Fortunately, however, these considerations need not be taken in account 

as far as the “physical picture” of the process within the crevice is concerned. 
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Referring again to Fig. 15, imagine that the space to the left of line A D is 
not a vacuum but is filled with water extending to the free surface of the 
reservoir, the line A D being merely a dividing line, separating a volume 
A BCD from the column of water to the left. The reasoning used in es- 
tablishing the curves in Fig. 16 can now be applied, without reservations, to the 
case of a solid water column entering a crevice; in spite of a difference in ab- 
solute values of velocities and energies in the two cases, the process of their 
respective increase remains identical. The final result (accumulation of 
energy at the tip) is also identical. 

A comparison of the actions of the two flow patterns from the point of view 
of destruction may be proper. 

The writer is unable either to agree with the authors’ theory of water- 
hammer action in respect to the slug, or to deny it. He would not be willing 
to go far beyond the assumption that, a pressure wave within the slug itself 
being a certainty, its propagation farther out, over the vapor cavities, remains 
an open question. 

This uncertainty, coupled with insufficient information as to the actual 
velocity of the slug, precludes any accurate estimation of the relative destruc- 
tion capacities of the two flow patterns. The following, therefore, is merely 
an attempt to evaluate such capacities in a rather general manner, under the 
assumption that some kind of water-hammer action does exist in the case of 
a slug. 

The familiar expression for the head due to water hammer (in excess of the 
static head) is: 


Since V, and g are practically constant, h would depend on V alone. This 
means that, in order to discover which pattern of flow creates a greater water 
hammer, reasons for the occurrence of higher velocities should be investigated. 

For lack of experimental data, an accurate solution of this problem cannot 
possibly be given at the present time; one may feel, however, that, in the case 
of a solid water column reaching the wall, its velocity, being dependent on 
the static head in the conduit, is certain to be higher than that of a minute 
slug working under the handicap of collisions with broken masses of water in 
the vapor pocket. Besides, the momentum of such a column is certain to 
support the forward motion of the water particles in the crevice, helping them 
to cope with the counter action of viscous resistance, elastic stresses, or. con- 
densation of vapor in the tip. In that case, the flow has a better chance of 
retaining its original velocity at the point of contact with the wall. 

These considerations lead the writer to the belief that, provided the water 
column has a chance to reach the wall as a solid mass, its eventual effect is 
certain to be more violent than that of a slug. This does not necessarily mean 
that all destruction is the result of such action. The fact that the collapse of 
cavities occurs periodically, whereas the slugs are continuously at work, makes 
the problem rather indeterminate. Experiments by P. De Haller,” in Switzer- 


12 Schweizerische Bauzeitung, May, 1933, p. 243. 
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land, are worth being mentioned in this connection: Metal specimens have been 
subjected to heavy hammering by water slugs. The results are indicative of 
the fact that, to a high degree, such slugs are instrumental in producing erosion 
which, in its sponge-like appearance, is strikingly similar to the pitted surfaces 
resulting from collapse of cavities. 

The writer has one more remark to make: The authors state (under the 
heading “Model Studies of Various Methods Proposed to * * *: Group Diy 
that the reason for not using vent pipes in their final design was their unwilling- 
ness to reduce the discharge capacity of the conduits. No matter how im- 
portant this consideration, the writer is under the impression that vent pipes 
have not been given a chance to prove their worth. The three 3-in. pipes, 
installed in connection with the modified design of 1935, could not help being 
more of a nuisance than a remedy, owing to their quite insufficient size. Judg- 
ing by the standards of the U. 8. Bureau of Reclamation," the cross-sectional 
area of the pipes should have been about 8 times larger than the one used. 


P. S. O’SHaucunessy, Esq., anp E. 8S. Ranpoupu,! M. Am. Soc. C. E. 
(by letter).1.*—In 1928, when plans were first made for the Madden Dam, 
sluiceways near the level of the Chagres River bed were specified. These out- 
lets were to permit lowering of the reservoir for purposes of inspection, cleaning 
out debris, and routine maintenance and repairs. The sluiceways became a 
part of the flood-control plan, to be used when and if floods occurred in excess 
of the spillway capacity. During construction of the dam, the six 5-ft 8-in. 
by 10-ft sluiceways proved to be a valuable aid in diverting the flow of the 
river. ; 

The flare provided at the sluiceway entrances in the original design was 
limited to permit the construction of slots to accommodate stop logs of reason- 
able size. When the laboratory tests were made, one of the objects was to 
preserve the stop-log slots and thereby confine any required modifications to 
the part of the conduit downstream from the slots. This was accomplished 
in the case of sluiceways 1 to 4, where the model studies showed that the entrance 
could be reconstructed in such a manner that cavitation was eliminated with 
very slight changes in the stop-log slots. However, for sluiceways 5 and 6, 
the most satisfactory means developed to reduce cavitation consisted of pro- 
viding covers at the stop-log slots. 

Between September and December, 1934, as part of a comprehensive pro- 
gram of hydraulic tests on the Madden Dam, the sluiceways were operated at 
various heads from 71.5 to 138.5 ft during the rise of the reservoir. After 
December, 1934, the sluiceways (except sluiceway 3 in which the testing equip- 
ment had been installed) were used at times to control the reservoir level. 

From the beginning of the sluiceway operation, it was noticed that the 
flow was accompanied by popping and crackling noises that were very loud 
within the sluice-gate galleries and were audible even on the parapet of the 
dam. Apprehension was felt at the time that damage was occurring, but 

13 ‘“Dams and Control Works,” U. 8. Dept. of the Interior, 1938, p. 180. 

14 Asst. Engr., Special Eng. Div., The Panama Canal, Balboa Heights, Canal Zone. 


15 Cons. Engr., The Panama Canal, Balboa Heights, Canal Zone. 
18a Received by the Secretary March 13, 1941. 
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definite evidence was lacking until the cavitation had progressed to such a 
depth that a porous tile drain began to discharge into the dam on March 15, 
1935 (see heading ‘‘Introduction,” in the paper). The knowledge that cavita- 
tion had occurred coincided closely with the appearance of the paper by Mr. 
Hunsaker,’ which was of assistance in understanding the matter. Remedial 
measures were undertaken immediately. It was hoped that small air vents 
would prevent or diminish the cavitation by serving as a cushion, but they did 
not produce the desired result of eliminating cavitation completely. 

After the collapse of the air-vented filler in sluiceway 6, which had been 
fitted with a bellmouth inlet, attention was directed to the great intensity 
of the force acting downward through the slot. Consideration was given to a 
stronger filler for closing the four sides of the slot, but sufficient confidence 
existed in the efficacy of a tight-fitting cover, alone, to result in its selection 
as a means of closure. This was done prior to making the model tests, which 
eventually, justified the selection of this method. The covers were placed on 
the two sluiceways provided with bellmouths—5 and 6. These covers were 
designed to withstand full hydrostatic head in addition to atmospheric pressure. 
Steel cables were attached to the covers to permit their removal without the 
services of a diver. 

Messrs. Thomas and Schuleen state that the Madden Dam sluiceways 
operate under a maximum head of 155.3 ft. This head corresponds to El. 250, 
the top of the spillway gates, but the computed reservoir level for the greatest 
anticipated flood is at El. 263, which is equivalent to a hydrostatic head at 
168.3 ft. It was for this reason that tests at higher heads were requested in the 
second series of tests. The fact that 168.3 ft was the maximum anticipated 
head was not transmitted to the authors. 

During the second season of operation of sluiceways 5 and 6, after installa- 
tion of the bellmouths, there was a noticeable difference in the volume of 
concrete removed. As shown in Table 2, the operating periods at high heads 
were, respectively, 1,248 and 1,421 hours. The volumes of concrete removed 
were, respectively, 30.5 and 16.4 cu ft. It appears that the vented stop-log 
slot filler in sluiceway 6 remained in place for some time after its installation 
but collapsed at some unknown date. Vacuum measurements were made at 
the entrance to sluiceway 6 on December 11 and 16, 1935. On the former date, 
with the sluiceway operating under a head of 134.3 ft, a vacuum of 24 in. of 
mercury was recorded. On December 16, under a head of 124.3 ft, no vacuum 
was developed. 

It seems reasonable to assume that the collapse of the frame occurred 
between these two dates. Since most of the sluiceway operations, both in 
point of time and of high heads, had occurred by December 16, it would appear 
that the lesser damage to sluiceway 6 may have been due to the beneficial 
action of the vented filler frame before its collapse. That the frame did not 
collapse under the higher heads prevailing at the beginning of operation can be 
explained by assuming that the force acting upon it was not constant but of a 
pulsating character. It was noticed throughout the sluiceway tests that the 
stream issuing from the conduits was of this type. ‘ 


a =<. 
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During the first season of,operation, sluiceways 1 and 2 were badly damaged 
by 138 and 130 hours, respectively, of operation under high heads. After 
these sluiceways were repaired, they were operated 134 and 107 hours, re- 
spectively, at high heads without suffering damage. It is probable that the 
concrete used in the repairs was denser and, since it was mixed and placed in 
smaller batches, its placing was done more carefully than that of the original 
concrete. It is possible, also, that the air vents installed after repairs were 
made were of some use in decreasing the effect of cavitation collapse. 

It is not made clear in the paper how the air measured in the model tests on 
the diverging tube apparatus can be related quantitatively to the air that would 
be required in venting the prototype. Even if the quantity of air can be 
expressed in terms of the prototype, it appears doubtful that venting is the 
best approach to most problems of eliminating cavitation in outlet conduits. 

Mr. Hunsaker® showed that for a given hydraulic system the product of 
the frequency and the length of the cavitation pockets is equal to the product of 
the throat velocity and a substantially constant non-dimensional number. 
If the velocity remains constant, venting will lengthen the cavitation pocket 
and decrease the frequency in direct proportion. In this case, the pockets will 
form farther downstream and the immediate effect of cavitation will be de- 
creased. However, this is not a satisfactory solution to the problem since 
cavitation is not eliminated unless a large volume of air is introduced; and, in 
this case (as stated by Messrs. Thomas and Schuleen), a reduction in discharge 
will result. 

Difficulties similar to those at the Madden Dam may have been encountered 
in other structures. These, if reported and discussed, may serve to focus 
attention on the importance of considering cavitation in designing. 

Since the completion of the model tests, it has been determined to limit 
sluice-gate openings on sluiceways 1 to 4 to 70% until they have been repaired. 
Sluiceways 5 and 6, provided with bellmouths and cover plates over the stop- 
log slots, may be operated at full capacity for the passage of extreme floods. 

Acknowledgments.—The designs for the Madden Dam were prepared by the 
U. 8. Bureau of Reclamation, in collaboration with engineers of the Panama 
Canal. The chief engineer and the chief designing engineer of the Bureau of 
Reclamation were engaged as consulting engineers by the Governor of the 
Panama Canal Zone. The bellmouth entrances that were attached later to 
sluiceways 5 and 6 were designed also by engineers of the Bureau of Reclamation. 


Carrot, F. Merriam,!® Esq. (by letter).16—There is much food for 
thought in the similarities and the differences to be noted in the work of experi- 
menters in the field of cavitation. The striking point is that interest in cavita- 
tion is not confined to the builders and users of hydraulic machinery. It 


proves that the research conducted primarily through interest in the mechanical _ 


aspects finds application in a problem that is essentially structural. At the 
present stage of development at least, there is one outstanding difference in 
approach. In the case of discharge conduits, which may be operated at full 


16 With Pennsylvania Water & Power Company, Baltimore, Md. : 
16a Received by the Secretary March 17, 1941. 
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capacity but a relatively short period of time, the idea of the designer is to avoid 
all danger of cavitation, whereas the builder of high-speed hydraulic machinery 
is seeking the economic balance between operating revenue and cost of repairs. 
Consequently, he must strive for quantitative measurement, always seeking to 
evaluate risk of damage and resistance of materials, together with the value of 
increased capacity. The former is more interested in qualitative tests which 
give reasonable assurance that the design proving best in the model is the most 
suitable for the prototype. Under these conditions it would appear that the 
authors’ experimental results have greater immediate practical application 
than their mathematical analysis. 

The mathematical analysis affords an interesting approach that is not to be 
discredited by any means, for, even though exact agreement with practice can 
never be expected, it is true that only through mathematics does the investi- 
gator gain insight into the complicated play of factors which influence the 
results. 

Obviously, the action that takes place is far too involved to permit predic- 
tion of the exact pressure, at any given region, in model or prototype, under 
any given conditions. However, the authors’ development of the conception 
of a slug of water striking a converging passage explains, excellently, why it is 
that, when pitting has once started and has gained a little foothold, further 
damage is likely to progress at an accelerated rate. The test pieces removed 
from the Holtwood stand!” showed deep pitting along the edge where the sides 
of the flume make a right angle. 

It should be emphasized in addition that this multiplication of impact leads 
to tremendously high concentration of stress over an exceedingly limited area. 
This is well illustrated by the experiments cited in the paper,® in which ordinary 
methods of measuring high pressures such as are used in internal combustion 
engines, gun barrels, etc., failed completely as criteria of cavitation severity. 
Finally, the use of thin diaphragms, backed up by perforated plates, proved in 
vain because they were punctured merely by accidental hits like bullets rather 
than by a widespread blow. 

The principal point of disagreement with the authors lies in their not enter- 
taining the theory advanced by W. Watters Pagon,!* M. Am. Soc. C. E., in 1935, 
at least as an alternative explanation. His conception of eddies as the funda- 
mental form of the cavities demonstrates not only the possibility of extremely 
high local pressure concentrations, resulting from bombardment of the walls by 
particles propelled at terrific velocity generated by progressive but sudden col- 
lapse, but also explains the location of the more seriously pitted areas with 
relation to the form of the cavitation pocket. 

The authors recognize that any mathematical treatment is beset with factors 
that are extremely difficult to evaluate since they enumerate the many things 
that must be neglected in order to justify equating kinetic energies. To this 
number should be added the rotational energy in the eddies. 


I ” - 
17'Pitting Resistance of Metals Under Cavitation Conditions,” by J. M. Mousson, Transactions, 
A. 8. M.E., July (1939), Vol. 59, No. 5, pp. 399-408. erin Re a td 
uf itati ion I tigated as a Problem in Flui echanics,”’ by W. Watters Pagon 
roo keep wa thee s a MB, 1935) = On file for reference in Engineering Societies Library, 29 W. 39th 
St., New York, N. Y. 
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Although the action within the cavitation pocket, particularly at the down- 
stream fringe, is extremely complicated, as shown by the high-speed moving 
pictures to which the authors refer,’ the reader should not gain the impression 
of a confusion of slugs of water being hurled about promiscuously, these slugs 
striking with destructive violence upon the walls of the conduit. Careful study 
of these moving pictures, together with stop-motion stills and examination of 
the models in operation illuminated by ordinary light as well as by electric 
spark, reveals that at the upstream edge there seems to be an orderly leaping 
of the water away from the walls. Behind this region, when cavitation is well 
developed, there is undoubtedly a part of the channel boundary that is never 
wetted. The most important part of the pocket, from the point of view of 
damage, is where the stream apparently returns to the walls. If the pheno- 
menon were perfectly continuous and could take place smoothly and uniformly, 
the stream would merely deliver a glancing blow with little probability of doing 
any harm. 

Instead, the action is far from stable and is characterized by an alternate 
lengthening and shortening of the pocket so that the downstream boundary is 
a fringe of extreme turbulence. In this region slugs of water can be imagined 
as being hurled through an environment of water vapor; or the opposite, which 
would mean bubble-like cavities filled only with condensable water vapor tossed 
about in a seething mass of turbulent currents of water. The chances are that 
neither of these conceptions is entirely correct. 

The point is that eddies are set up by viscous sheer and are shed by passing 
around the lip at the entrance where the water finally leaves the surface of 
the conduit. It has been shown mathematically, by Mr. Pagon and others, 
that at.the heart of such eddies the pressure is much lower than in the sur- 
rounding environment. Consequently, when the absolute pressure drops, these 
eddies are open and can remain as open cavities even after the pressure is 
partly restored; but they are extremely unstable. It seems more likely that 
the final collapse of these cores is the direct cause of the destruction rather than 
any pelting by slugs of water as assumed by the authors. In support of this 
idea there is the observation that in two-dimensional, venturi-shaped passages 
the damage comes where the axes of the eddies would terminate against the side 
walls rather than on the profiles, which would be more likely to receive the 
onslaught of slugs of water. 

Regardless of the theory of the collapse, there is an excellent field for further 
research. In the first place the authors’ pressure gradient curve in Fig. 8 is well 
confirmed by other experiments and shows a rising pressure in a channel of 
uniform cross section. This cannot be explained by the principle of Bernoulli. 
What is the origin of this pressure increase? 

Furthermore, a strong similarity has been noted between this pressure rise 
and the surface of the hydraulic jump. The action appears to be similar, at 
least from visual observation. In addition, it should be noted that in expanding 
passages both phenomena are stable. In passages having parallel sides both 
are particularly unstable. In one model which consisted of a venturi-shaped 
passage, terminating in a parallel section, there was a sharp increase in noise 
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as well as damage just as soon as the cavitation pocket was made to extend 

into the parallel section. This phenomenon was reported by W. Spannhake.!9 

ee disruptive effort seems to be definitely associated with the instability of 
ow. 

A most important precaution taken by the authors was to free the water 
from dissolved air as much as possible. It is doubtful whether they were com- 
pletely successful although the small volume of air remaining probably had no 
appreciable effect upon their results. It should be emphasized, however, that 
even a small amount of dissolved air is sufficient when very low pressures are 
encountered to upset the laws of hydraulic similitude. Under these conditions 
the water expands as an emulsion with the air coming out of solution. The 
result is that Q is no longer equal to A X V. In hydraulic model testing, in 
which at any point there are pressures less than a half an atmosphere, there is 
danger of trouble from this source. 

With further reference to the aforementioned hydraulic grade line, detailed 
exploration will show that the valley has a flat bottom rather than rounded as 
reported. 

Although the authors are correct in stating that in practice it usually re- 
quires months to develop deep pitting in metal surfacés, it should not be over- 
looked that in certain laboratory tests it is possible to see the first signs of pitting 
after several seconds and to produce satisfactory results in the course of an 
hour.” Nevertheless, attempts to force metal to pit in models as it would be 
expected to do in service have not been particularly successful. Perhaps one 
of the most fruitful fields for further investigation is to establish relations 
between actual service and the results of various accelerated tests. 

Many investigators have been forced to rely upon indications of surface 
damage, such as the removal of paint, and consequently the authors are to be 
congratulated for attaining any success at all in finding a material to simulate 
pitting. The principal difficulty would seem to lie in there being a threshold 
value of severity below which no damage is done but above which failure takes 
place with surprising rapidity. Quantitative measures of the extent of pitting 
either by loss of weight or volume are also very difficult. 

In indicating an interest in cavitation outside of the field of hydraulic 
machinery, this paper suggests the possibility of even more extended applica- 
tion. So far, cavitation has always been regarded as the ‘‘villain in the plot”’— 
the bane of the designer. The word cavitation itself carries a bad connotation. 
It would be interesting if some day a useful purpose could be found for it. 
Experimenters have noticed a similarity between cavitation and the hydraulic 
jump; furthermore, the hydraulic jump has been used to produce an intimate 
mixture of liquids. Do not these two statements suggest that cavitation 


19 ‘Cavitation Research,” Progress Report, by Carroll F. Merriam based on work of Wilhelm Spann- 
hake, New England Hydraulic Power Committee of the New England Electrical Utilities Engrs., 1933. 
Filed for reference in Engineering Societies Library, 29 W. 39th St., New York, N. Y. 

20 ‘‘Progress Report on Cavitation Research at Massachusetts Institute of Technology,” by J. C. 
Hunsaker, Transactions, A. S. M. E., Vol. 57, 1935, pp. 423-424; and ‘‘Determination of the Relative 
Resistance to Cavitation Erosion by the Vibratory Method,” by 8. Logan Kerr, M. Am. Soc. C. E., loc. 
cit., Vol. 59, 1937, No. 5, pp. 373-397. 

21‘‘Computation of the Tailwater Depth of the Hydraulic Jump in Sloping Flumes,” by Robert W. 
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might be used to secure an intimate mixture of two chemicals when, for some 
reason or other, it was desired to have the time of mixing reduced to an ex- 
tremely small fraction of a second? Another possible application may be 
found in the fact that cavitation is capable of extracting dissolved gases from 
liquids. Air content in water is reduced in the cavitation zone faster than it 
can be dissolved in the following turbulent zone. When such gases have harm- 
ful effects, such as the oxidation of fats in milk, there is at least a possibility 
of the content being quickly and materially reduced by cavitation. 
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By EUGENE L. GRANT, M. Am. Soc. C. E. 


Eucene L. Grant,” M. Am. Soc. C. E. (by letter).32*—The value of this 
excellent paper lies not only in its specific contributions but also in its implied 
suggestion that engineers dealing with problems of hydrology should be 
interested in statistical measures of the reliability of the conclusions of their 
studies. The station-year method presents two questions which constitute a 
challenge to the student of statistical technique. One question is whether or 
not the stations used are too far apart to be subject to the same cause system 
with regard to storms of the duration and intensity under consideration. The 
other question is whether the stations used are so close together that the same 
storm has been counted more than once. The Bartels’ technique, explained 
in this paper, provides a satisfactory method of answering this second question. 

One generalization which seems justified on the basis of the evidence now 
available is that the station-year method is particularly well adapted to dealing 
with high-intensity storms of short duration. The greater the intensity and 
the shorter the duration, the larger will be the area that seems to be statistically 
homogeneous and the smaller will be the area covered by an individual storm. 
It has already been shown’ that a large area of Mid-Western United States is 
statistically homogeneous with regard to the frequency of certain extreme storms 
of 5-min to 120-min duration, although not so with regard to the frequency of 
less intense storms of the same duration. Table 2 shows how, in the Iowa and 
Carolina qudarangles studied by Mrs. Clarke-Hafstad, the value of Na 
decreases rapidly with an increase in intensity; although a 1-in., 24-hr storm 
in Iowa affected more than 7 stations, a 4-in., 24-hr storm affected only one 
station. An examination of storm maps such as Fig. 1 serves to confirm the 


—Thi by Katharine Clarke-Hafstad was published in November, 1940, Proceedings. 
pte on his ape hes appeared in Proceedings, as follows: January, 1941, by Paul V. Hodges, M. : 
Soc. GC. E.; February, 1941, by Messrs. C. S. Jarvis, and Howard W. Brod; and March, 1941, by Messrs. 
Merrill Bernard, and Charles F. Ruff. ; 

32 Prof. of Economics of Eng., Dept. of Civ. Eng., Stanford Univ., Stanford University, Calif. 

32a Received by the Secretary March 14, 1941. ene 

27 ‘Rainfall Intensities and Frequencies,’ by A. J. Schafmayer, M. Am. Soe. C. E., and B. E. Grant, 
Transactions, Am. Soc. C. E., Vol. 103 (1938), p. 344. 
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view that, the greater the intensity, the smaller will be the area that a storm 
is likely to cover. 

As the author states, the dense networks of rain gages now established in 
several areas may be expected to provide better estimates of the areas associated 
with storms of various degrees of intensity. With regard to the very intense 
storms that cover only a few square miles, these networks will provide many 
independent station years of record in a very short time. 
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By MEssRs. PAUL ANDERSEN, AND R. A. CAUGHEY 


Paut ANDERSEN,” Assoc. M. Am. Soc. C. E. (by letter).““*—The conven- 
tional method of designing reinforced concrete is unsatisfactory. Attempts 
have been made to eliminate from the analysis the modular ratio, n. At 
present, columns concentrically loaded are analyzed by means of formulas that 
carefully avoid this quantity. If, however, the load is moved slightly off center 
so as to produce combined flexure and compression, the analysis is immediately 
changed to one that makes extensive use of the modular ratio. Therefore, the 
author should be congratulated upon his efforts in correcting these contradicting 
procedures and presenting methods of analysis consistent for all types of 
members. 

The plastic theory encourages the use of much higher steel percentages than 
the usual straight-line theory. According to the former theory, the critical 
percentage of steel required to develop the full compressive strength of the 
concrete is expressed by Eq. 13. 

According to the straight-line theory this percentage can be found by 
equating total tension and total compression; thus: 3 kj bd?f,’ = Asfsj d, and 


Pelli re a Cpe RET ON 
Pd eee Eo PL Fe) AY caer Rr iP Soe (43) 


To compare Eqs. 13 and 43 to actual tests, six beams with varying steel 
percentages were made up and tested at the age of 28 days in the Materials 
Testing Laboratory of the University of Minnesota, Minneapolis, Minn. In 
each beam the bottom reinforcement differed, as shown in Table 12. The 
compressive strength of the concrete (average of two cylinders) was 4,060 lb 
per sq in.; the secant modulus of elasticity at 75% of ultimate strength was 
3.67 X 10° Ib per sq in.; and the yield point of the reinforcement was 47,000 


.—Thi by Charles S. Whitney, M. Am. Soc. C. E., was published in December, 1940, 
ae Lee on this paper has appeared in Proceedings, as follows: February, 1941, by Messrs. 
L. E. Grinter, and Basil Sourochnikoff; and March, 1941, by Messrs. R. W. Stewart, George C. Ernst, 
Homer M. Hadley, and Robert W. Abbett. : 

49 Associate Prof., Structural Eng., Univ. of Minnesota, Minneapolis, Minn. 
49¢ Received by the Secretary February 20, 1941. 
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| TABLE 12.—DeraIts AND SCHEDULE OF REINFORCEMENT, 


Test Data Piorrep IN Fia. 14 


ars Beam Beam Beam Beam Beam Beam 
Deesripyion No. 1 No. 2 | No. 3 No. 4 No. 5 No. 6 ‘ 
I Number of bars... 0.0.60 4.0 2 3 2 3 2 3 
Diameter of bars, in inches... 4 3 3 3 4 3 


lb persqin. Bending moments at failure plotted against steel ratios are shown 
in Fig. 14. Critical steel percentages according to Eqs. 13 and 43 are indicated. 
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Fic. 14.—Trsts on BALANcED REINFORCEMENT 


These tests, together with those cited by the author, support the contention 


that the conventional theory does not permit percentages of steel sufficient 
for balanced design. 
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The question that will arise immediately after the adoption of a plastic 
theory for the proportioning of reinforced concrete sections is whether the 
determination of moments and shears should not be by a procedure based on 
limit design rather than elastic theory. If the different parts of the structure 
are designed for forces existing prior to failure it appears logical to determine 
the distribution of these forces on the same basis. 


R. A. Caueury,® M. Am. Soc. C. E. (by letter).°*—The attention of 
the engineering profession has been directed to a problem that should receive 
serious attention and that should call forth various suggestions for the improve- 
ment of certain phases of reinforced concrete design. The writer, however, 
feels that the problem is not finally solved and that certain details should, and 
will, receive attention before the proposed method is considered for general use. 

From the viewpoint of an engineering teacher, the writer feels that, in 
beam design, it would be very difficult to substitute a rectangle for the present 
stress diagram and to tell students that “The use of the rectangle is merely 
a mathematical device to approximate the effect of the true distribution.” 
Most students in reinforced concrete classes have tested cylinders in concrete 
materials courses and know that the relation between stress and strain in 
concrete is a difficult problem; but they might reasonably expect a stress-strain 
curve closer to the results of the laboratory than would be afforded by this 
“‘device.”’ Table 1 seems to suggest that, outside of the method suggested, 
a return to the parabolic formula would be a solution in the case of beams; 
but designers generally, recognizing the variations in the material, uncer- 
tainties in the flexural behavior of the beam, etc., would scarcely desire such 
a change. 

It should be noted in the case of beams that the author’s comparisons are 
made between ultimate-strength values (see Tables 1 and 2) when what the 
engineer desires to consider in concrete design is what the concrete does under 
working stresses. Fig. 1 seems to indicate that, up to half the ultimate 
strength, the stress-strain curve approaches a straight line. True enough, 
plastic flow is not taken into account, but neither does the author’s method 
consider the effect of plastic flow under working loads. It seems to the writer 
that designers have had enough test data and experience with design, by the 
method of straight-line variation and working stresses, to warrant confidence 
in design but they do need some information on the effect of plastic flow under 
working loads. Mr. Whitney attempts to make allowance for the plastic 
flow by use of the rectangle but confines his attention to consideration of 
ultimate loads. 

It will be noted that all of the formulas of the paper are based on ultimate 
strengths. At first this would seem to be desirable in these days of rigid” 
frames but the designer still has the moments of inertia of the members of 
frames to deal with in determining bending moments; and it would seem to 
offset, to some extent, the advantages of an ultimate-strength method to use 


59 Prof. of Structural Eng., Dept. of Civ. Eng., Iowa State Coll., Ames, Iowa. 
50a Received by the Secretary March 3, 1941. 
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moments of inertia which, in turn, infer straight-line variation in concrete 
stresses. 

Dropping the use of working stresses would also be objectionable because 
members of all other structural materials are designed on that basis. Most 
designers have regarded the abandonment of the ultimate-strength method of 
design as a very desirable step and would scarcely welcome a return to that 
method. Concrete design at present, with available curves, tables, etc., 
compares well in simplicity with design of other materials; and this simplicity 
with similarity in design methods to methods used in other materials is very 
desirable. 

What the writer has stated thus far applies principally to beams. It is a 
generally recognized fact that structural engineers have gone far in considering 
plastic flow in formulas for columns carrying concentric loads. Stress 
distribution over the section of a concentrically loaded column, however, is a 
problem that differs from the case of a beam. The unit stress in the concrete 
is practically the same over the entire section whereas, in the case of the beam, 


‘it presents a major problem. The writer feels that more tests of columns 


under combined direct stress and moment should be made, with the idea of 
determining strain distribution under working loads. With the distribution 
of strains determined, it might be possible to extend the work of J. R. Shank, 
M. Am. Soc. C. E., and others to the determination of stresses with plastic 
flow taken into account. 

The aforementioned method might be used in the case of beams, possibly 
by arriving at some method of adjusting the value of n so that the present 


convenient method of design might be more satisfactory. 
Ae Eee. Report of Committee 105, Reinforced Column Investigation, Proceedings, Am. Concrete Inst., 
0 p 


82°*The Mcahanion of Plastic Flow of C te,” b 
Vol. 32, pp. 149-180. My oncrete,” by J. R. Shank, Proceedings, Am. Concrete Inst., 
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Discussion 


By MEssRs. HUBERT WOODS, AND N. T. STADTRELD 


Husert Woops," Esq. (by letter).“*—Unquestionably, this paper pro- 
vides, for the first time, an adequate explanation of a number of baffling 
cases of concrete deterioration that have occurred in the coastal region of 
California. It also provides new incentive for a more comprehensive study 
of aggregates in their relation to cement composition. There is great need 
for further studies on the chemical nature of the expansive reaction between 
certain natural minerals and the alkalis in cements. Only when this reaction 
is well understood can intelligent steps be taken to forestall or prevent it. 

It would be as unreasonable to conclude that all aggregates will react 
expansively with alkalis in cement as to conclude that only those aggregates 
peculiar to the coastal area of California will do so.. The widespread satis- 
factory behavior of concrete, in general, attests the fact that such troubles 
are not omnipresent, and where local aggregates and cements have had a 
long record of satisfactory performance there is no reason for alarm. On the 
other hand, with aggregate from a new source, without adequate history of 
performance, a thorough study is justified, and there is great need of a rapid 
test by which such aggregates may be judged with respect to possible expansive 
reaction with alkali. 

In cases where the only aggregates economically available are likely to 
give trouble through reaction with alkalis in cement, it might be concluded 
that a simple solution is to put a limit on the alkali content of cement. As 
a matter of fact, at present that is about all that can be done; but it is not a 
satisfactory final solution. It is not economically desirable. All cements 
made in the United States contain more or less alkali, not by intent but by 
reason of the fact that nature has put alkali-containing minerals in practically 


.—Thi by Thomas FE. Stanton, M. Am. Soc. C. E., was published in December, 1940, 
Beeenioe SM a ae on this paper has appeared in Proceedings, as follows: February, 1941, by R. W. 
Carlson, Assoc. M. Am. Soe. C. E.; and March, 1941, by Bailey Tremper, Esq. 


11 Chf. Chemist, Riverside Cement Co., Riverside, Calif. 
lla Received by the Secretary March 7, 1941. 
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all clays and shales used in cement making. The alkalis are partly, but not» 
wholly, volatilized in the rotary kilns. In order to reduce the alkalis in his 
cement, the manufacturer may have to use other raw materials containing 
less of the alkali minerals, and these may be very difficult to find and very 
expensive to use. It would be highly desirable to find some inexpensive 
means, perhaps by additions to the cement, whereby the expansive reaction 
would be circumvented, and a diligent search for such means would seem to 
be essential. 


N. T. SraptFeLp,” M. Am. Soc. C. E. (by letter).“*—In this paper Mr. 
Stanton has made a valuable contribution, based on a painstaking investiga- 
tion. He eliminated all other possible factors to tie in definitely the dis- 
integration of concretes containing certain aggregates with the alkali content 
of the portland cement used. 

Although they are present in small quantity, the alkalis, nevertheless, have 
been under suspicion for a number of years. In 1929 the late Thaddeus Merri- 
man,!* M. Am. Soc. C. E., gave the results of an extensive investigation, which 
had led him to conclude that the rate of formation of the hydration products 
obtained when water is added to cement is dependent on the alkalinity of the 
solution. Within a certain zone of alkalinity, hydration is slow and orderly; 
but alkalinities either above or below this range were found to increase the 
rate of hydration. Thus the addition of calcium chloride to the mixing water, 
which lowers the alkalinity, will accelerate the hardening process. Similarly, 
the addition of sodium hydroxide, which increases the alkalinity, not only 
speeds up the hardening process but increases the maximum hydration tem- 
perature, as measured by a calorimeter in which a cement paste is hardening. 
After several years of investigation and numerous tests on the sulfate-resistant 
cement used in the tunnels and spillway of the Fort Peck (Mont.) Dam, Mr. 
Merriman finally embodied a restriction on the soluble alkali content in the 
specifications for portland cement of the Board of Water Supply (BWS) of 
the City of New York. Cement to the extent of three million barrels made 
at 10 plants, complying with these specifications, has now been delivered to 
the various sections of the Delaware aqueduct. The principle involved in 
restricting the alkali content to obtain a uniform rate of hydration and to 
protect men against alkali burns when they work the wet concrete is different 
from the principle involved in restricting alkali content because of the deleteri- 
ous effect on the concrete when used in conjunction with certain aggregates. 
Nevertheless, the fact remains that a well-defined beginning has been made to 
produce, consistently, a portland cement of a low-alkali type; and therefore, 
experience gained during four years of procedure may be of interest. 

It is true that, whereas the BWS specifications confine their restrictions 
to water-soluble alkalis, the author uses the total alkali content, computed as 
ol Li ae a aa ies Bib i nic Rom eI 


12 Div. Engr., Board of Water Supply, New York, N. Y. 
12a Received by the Secretary March 10, 1941. 


13 ‘‘Cement,”’ by Thaddeus Merriman, P: 3 i i i 
Tokyo, 1029, Vol. RXR ow n, Paper No. 308, Proceedings of the World Engineering Congress, 


5 Specifications for Cement, Board of Water Supply, City of New York. 
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sodium oxide (Na,O), as the criterion of fitness. In his investigation these two 
did not always keep pace with one another, but records from plants producing 
BWS cement do show a close correlation. In addition, some records from 
plants not making BWS cement, which were made available to the writer, 
also show substantial correlation. In every case, cement passing BWS speci- 
fications would have been under the 0.5% Na,O limitation, and cement failing 
in one would have failed in the other. 

Table 6 gives the results of a series of tests run at one of the plants which 
consistently meet the BWS specifications. The raw mix was kept constant 
and, as the temperature was lowered, samples were removed and alkali de- 
terminations made. Although no accurate record of the temperatures was 
made, the samples were arranged in accordance with descending temperature. 


TABLE 6—Comparison oF TotaL ALKALIS WITH FREE 
ALKALIS (WATER SOLUBLE) 


Samptp NuMBERS: 


Method 
1 2 3¢ 4e 5a 6¢ 7 8 9 10 
Free alkali? (ce)...............- 1.20 | 1.70 | 1.80 | 1.80 | 3.95 | 3.95 | 6.40 | 6.80 | 11.30 | 11.40 
Smithe (%): 
INGE), Skhierosilnie kinase ess a 0.16 | 0.20 | 0.17 | 0.18 | 0.23 | 0.19 | 0.32 | 0.19 0.31] 0.29 
GOV Re Mert Mistig a dich. stengay ere 0.26 | 0.27 | 0.29 | 0.28 | 0.36 | 0.386 | 0.53 | 0.55 | 0.72] 0.79 
Computed as Na2O......... 0.38 | 0.42 | 0.41 | 0.41 | 0.53 | 0.49 | 0.76 | 0.65 | 0.91] 0.95 


¢ Sample 4 is a duplicate of Sample 3; and Sample 6 is a duplicate of Sample 5. % Merriman method. 
¢ J. Lawrence Smith method (see Scott’s ‘‘Standard Methods of Chemical Analysis,” 5th Ed., 1939, p. 1612). 


It is apparent that potassium can be more readily eliminated by tempera- 
ture increases than sodium; this was to be expected as potassium compounds 
volatilize at lower temperatures. Note the decrease in potassium content from 
0.79% to 0.26% and the decrease in sodium content from 0.29% to 0.16%, a 
ratio of more than 3 to 1 for the potassium to a ratio of less than 2 to 1 for the 
sodium. Also note that, as the author’s limit of 0.5% (total alkalis) is ap- 
proached, the titration value of 3.5 for the BWS specifications is similarly 


-reached. The method of determination is described in the specifications, as 


follows: 


“The alkalinity of the cement shall not be greater than 3.8 and its 
content of free alkali shall not exceed 3.5. These characteristics shall be 
determined as follows: Weigh out 800 grams of cement and put into an 
enameled saucepan with 500 c.c. of distilled water. Stir frequently for 
two hours, then filter through large folded filter paper for 10 minutes. If 
filtrate is not clear, refilter. Titrate 25 c.c. of the filtrate with N/2 HCl, 
using methyl orange as the indicator. The number of c.c. of acid required 
to neutralize the filtrate to the methyl orange end point is the measure of 
the alkalinity. 

“The free alkali content of the cement shall be determined as follows: 
Measure out 100 c.c. of the filtrate obtained in the alkalinity test of the pre- 
ceding paragraph into a small beaker, and add 30 to 35 c.c, of a saturated 
filtered solution of Ba(OH)». Let stand, filter and wash with H20. Pass 
CO, into the filtrate for five minutes. Let stand, filter and wash the 
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precipitate with H,O. Heat to boiling and, if a precipitate forms, filter it 
out. Then boil the total filtrate plus wash water down to about 50 c.c., 
filter it and make it up to 100 c.c. with distilled water. Now take 25 
c.c. of the solution and titrate it with N/2 HCl in the presence of methyl 
orange. The number of c.c. of the acid required to neutralize the 25 ¢.c. 
to the end point of the methyl orange is the measure of the free alkali 
content. Both of these tests are to be made at room temperature.” 


Close correlation holds true at other plants meeting the specifications. 
The opinion may be ventured that this is due to the fact that in all cases the 
so-called ‘flue dust” is discarded. ‘Flue dust’’ is the fine material blown from 
the rear end of a rotary kiln and caught under waste-heat boilers, in precipi- 
tators, or by other means. In many cases it is fed back to the raw mix and 
sometimes to the finished cement. In the former instance it builds up the 
alkali content, occasionally to such an extent that even with high tempera- 
tures it becomes impossible to clinker the mix properly, thus causing waste in 
fuel and lowering of quality. In the latter case it tends to increase the alkali 
content of the cement and mainly the non-water soluble alkali content. 

Had the paper included such items in the history of the clinker as burning- 
zone temperature, speed of kiln rotation, subsequent treatment of the clinker, 
and a notation as to the disposition of the ‘‘flue dust,’’ additional and valuable 
deductions might have been made. 

A plea is made here for placing restrictions on water-soluble alkalis rather 
than on the total alkalis, because the determination of the former is extremely 
simple and excellent checks are obtained between laboratories, whereas de- 
termination of the latter is laborious (3} days for an experienced chemist) and 
checking between laboratories is difficult. 

Regardless of the form which the restrictions on alkalis may take, however, 
some additional burden is likely to be placed on producers, as disintegration of 
parts of the Parker Dam" in southern Arizona has been traced recently to the 
destructive action of the alkalis in the portland cement on a hydrous silica 
occurring in the aggregate, an aggregate which had passed all known tests for 
durability. A trend may well be expected toward the incorporation of low 
alkali content in future specifications for cement as a safeguard against possible 
disintegration. With this in mind a review of some of the difficulties encoun- 
tered in manufacturing such cement may be of value. 

All BWS cement is made from well-burned clinker assured by: 


(1) Insistence on continuous high temperature (about 2,700° F) in the 
burning zone of the kiln, as recorded by pyrometers placed outside and in 
front of the kilns; 

(2) Insistence on regularity of kiln rotations coordinated with the occa- 
sional rise and fall of the temperature; and | 

(3) Insistence on satisfactory performance in the “sugar test’? which indi- 


cates the degree of completion with which the various constituents in the clinker 
have been combined. 


14See minutes of December 6, 1940, meeting of Committee C-1 on cement, A.S.T.M., p: 5. 
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The BWS test for sugar solubility is described in the specifications as 
follows: 


“The sugar solubility of the cement shall not be greater than 8.0 to 
the phenolphthalein end point, nor greater than 10.0 to the final clear 
point. These values shall be determined as follows: A sample of about 
100 grams of the cement is passed through the 200-mesh screen and put 
into a glass bottle closed with a rubber stopper. From this bottle 15 
grams are then weighed out and placed into a Nessler tube containing 100 
c.c. of a 15-percent. solution of cane sugar in distilled water (commercial 
granulated sugar such as ‘Jack Frost’); this solution shall not be more than 
three days old. The tube and its contents are then quickly shaken by 
hand and placed on a wheel revolving about 60 times per minute. At the 
end of about 1 hour and 50 minutes the mixture is poured into a filter 
paper and funnel and allowed to filter for ten minutes when the beaker 
containing the filtrate is removed. (In case the filtration time of 10 
minutes is too short to produce a volume of filtrate of 30 ¢.c., it may be 
lengthened by shortening the time of shaking, but the total time from the 
putting of the sample into the solution to the end of the filtration must be 
exactly 2 hours.) Twenty-five c.c. of the filtrate is now titrated with 
N/2 HCl in the presence of phenolphthalein and the number of c.c. of 
acid to the end point is the first measure of the sugar solubility. At 
this stage of the test, in the case of a thoroughly burned cement which 
has been kept dry, the solution will be practically clear and only traces 
of ferric oxide and alumina will be in suspension. In the case of an under- 
burned cement, or one which has been exposed to moisture, the solution 
will be heavily clouded and the end point must be approached slowly and 
with caution. When so performed, the phenolphthalein end point can be 
definitely determined, as the color changes from light pink to yellow. 
The titration is then continued until the solution is crystal clear and 
nothing remains in suspension. The total number of ¢.c. of acid from the 
beginning of the titration to this final clear point is the second measure 
of the sugar solubility. This test shall be made at room temperature. 
In addition to disclosing the quality of the cement as above stated, this 
test further indicates the character of the hydration products which will 
be realized in the completed concrete.” 


In most cases adherence to principles (1) to (3) resulted in a cement of 
satisfactory alkali content. However, it was found in a few of the plants that 
with proper burning and low sugar-test results the alkali content was higher 
than allowed by the specifications. After some experimentation it developed 
that, where potassium was present, shortening of the burning flame and con- 
sequently impinging it on the hot clinker bed would drive off this element. 
This could be noted through blue glasses, which showed up the unmistakable 
purple hue of potassium vapors. 

Where even this technique was insufficiently effective, probably due to the 
presence of larger proportions of sodium (which, as previously mentioned, does 
not respond as well as potassium), addition up to 0.5% by weight of calcium 
chloride was made to the raw mix, which changed some of the alkalis, in what- 
ever form present, to alkali chlorides. These volatilize easily and appear to 
be driven off completely, as none of the resultant cement showed any trace of 
chlorides, but did show a large reduction in alkali content. 
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To summarize, therefore, with present knowledge based on four years of | 
experience, the following is suggested for the consistent production of cement 
low in alkali content: 


(a) Discard all “flue dust’’ and incidentally save on fuel; 

(b) Install pyrometers and kiln-rotation recorders and note the alkali 
content with varying burning temperatures; 

(c) Experiment with length of flame in the burning zone; and 

(d) As a last resort, add calcium chloride up to 0.5% by weight to the raw 
mix. 


In conclusion it may be stated that, although the disintegration of concrete, 
as found by the author and in the Parker Dam, may well be due to the action of 
alkalis in cement on localized aggregates not generally encountered, the limita- 
tion on the alkali content should be encouraged in any case for additional 
safeguard and the production of a decidedly better product, as outlined in the 
first part of this discussion. 
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ANALYSIS OF STATICALLY INDETERMINATE 
TRUSSED STRUCTURES BY SUCCESSIVE 
APPROXIMATIONS 


Discussion 


By MEssrs. CHARLES A. ELLIS, AND DAVID J. PEERY 


Cuarues A. Exuis,? M. Am. Soc. C. E. (by letter).8*—There are three 
principles by which a statically indeterminate structure may be analyzed: 
(1) Principle of work; (2) principle of least work; and (8) principle of deflections. 

The first two are essentially mathematical abstractions of horse-and-buggy 


They do not permit physical conception or space perception, so helpful 


days. 
The principle of deflections is far 


in the comprehension of stress analysis. 


4 —0.806 6 — 0.806 8 4 —0.628 x 6 —0.628 y 8 


x 
foo} 
8 ~ 
ey > 
S Ne ed roe) roy 
ua | t iS ] 
fo} 
i 
5 +1.075 7 +0,538 9 5 —0.628 x 7 —0.628 y 9 
(a) (0) 
Fia. 9 


superior, and analysis may be made by at least three methods: (a) Area- 
m oments; (b) expression of moments in terms of angular rotations of joints and 
members (generally known as the “slope-deflection method”) ; and (c) moment 
distribution. The two latter methods are most easily derived by the area- 
moment method which the writer considers the closest to fundamentals. 


Ni _—This paper by O. T. Voodhigula, Jun. Am. Soc. C. E., was published in January, 1941, 
adunslitnas: Tae ion én this paper has appeared in Proceedings, as follows: March, 1941, by Francis L. 
Castleman, Jr., Assoc. M. Am. Soc. C. E. : 

8 Prof., Structural Eng., Purdue Univ., West Lafayette, Ind. 


8¢ Received by the Secretary February 3, 1941. 
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“The principles of work and least work were the only ones available for an 
algebraic solution of statically indeterminate trusses until the “Williot Strain 
Equations”? were discovered by the writer, when computing the tower stresses 
in the Golden Gate Suspension Bridge. These equations will now be used in 

solving the author’s Example 1. 


TABLE 4.—ComBINED STRESSES FOR The stresses in the necessary 
MEMBERS IN Fic. 9 members (redundant members 
removed) are shown in Fig. 9(a); 
1 sl and the stresses due to stresses 
Member 8 EA =— 


x and y, respectively, in the re- 
4-6 | —0.806 —0.628 x | 5.39 344 — 3385,  dundant members are shown in 


5-7 +1.075 —0.628 x | 5.97 ae 418 — 3.749 x ig. j ombined stresses 
4-5 +0.333 —0.778 x |18.15| + 6.044 —14.121 x Fig 9(6) The c b dst 


6-7 | —0.778 e—0.778 y |18.76 | —14.595x—14.595 y for each member are given in 
4-7 |—0428 + x  |24.10 : ; 
5-6 24.10 +24:100z Table 4, in which s represents the 


+ 
6-8 | —0.806 —0.628 y | 5.39} — 
7-9 | +0.538 —0.628 y| 5.97] + 
8-9 | —0.333 —0.778 y |18.15 | — 
7-8 | 40.428 + y [24.10] + 
6-9 + oy 24.10 +24.100 y be (12) 


‘212 — 3.749 y stress and Athe strain. Hence, 


In any rectangular panel,? the sum of the strains in the diagonals multiplied 
by cosec @ equals the sum of the strains in the horizontals multiplied by cot @ 
plus the sum of the strains in the verticals, or 


(Aar + Asse) cosec 0 = (As7 + Aus) cot 8 + N45 4- Agb7 Guta ave (13a) 
and 


(Ags + A7zs) cosee 9 = (Az + Ags) cot 6 ake Agbz + Ago wets fereleite (13d) 
Substituting from Table 4, 


(—10.315+48.2 x) 1.285 = (2.074 — 7.134 x) 0.8065 
+ 6.044 — 28.716 x — 14,595 y 


and 
(+10.315 + 48.2 y) 1.285 = (—1.132 — 7.134 y) 0.8065 
—6.044 — 14.595 x — 28.716 y 
whence 
96.407 2-+-14.595 yore -4-20.972... 9 ee (14a) 
and 
96.407 y + 14.595 = — 20.212.......°...5...7, (4 
ora = + 0.2551; and y = — 0.2483. Eqs. 13 may be written in the form 
c=" 0:2175 = by oe oe (15a) 
and 
y= —0:2097 =O. 15 ita... ee eee , . (156) 


Any one with leisure time may solve for x and y by successive approxi- 
mations, as follows: Assume y = 0 in Eq. 15a and z = 0 in Eq. 15); then: 


9*‘Simplified Analysis of Indeterminate Frames,” by Charles A. Ellis, Engineering News-Record, 


April 26, 1934, p. 534; also ‘‘Williot Equati i i Ht 
Ellis, Transactions, Am. Soc. C. E., Vol. 100 cisae goo s ee ee * 
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= +0. 2175; and y = — 0.2097. Substitute y = — 0.2097 in Eq. 15a 
ena zx=+0. 2175 in Eq. 15); whence: x = + 0.2492; and y = — 0.2426. 
Repeat this process three times and the following piuessiys values appear: 
x ‘ y 
EO Dutt twel en, bo katie tee, — 0.2097 
BAO OO ete tee ted site a See — 0.2426 
BOO Aa ks Je ce wie —0.2474 
Src ON2 WO eee: Pan as cctekan SLi RL gel — 0.2482 
= AU AP ARON Toc et a ER eT — 0.2483 


These same numerical values appear in Fig. 3. 

Comment on solutions by successive approximations seems relevant. This 
process has received much attention since Professor Cross published his 
moment-distribution method‘ and used successive approximations as a tool; 
and it is an exceedingly efficient tool, especially when the unknowns are numer- 
ous. Moment distribution has no monopoly, however. Slope-deflection equa- 
tions invariably have the same peculiarity that renders them susceptible to the 
same rapidity of convergence when solved by successive approximations, as 
when moment distribution is used. 

Consider any problem in which rotation of joints, but no rotation of mem- 
bers, is assumed and solve by moment distribution. Then solve by slope 
deflection using successive approximations in the solution of the equations and 
note that identical numerical values appear in both methods. 

When the unknowns are numerous, the method of successive approximations 
is an exceedingly efficient tool; but for many writers it has become a toy to be 
used whenever and wherever possible. For example: In a box culvert having 
large fillets with increasing moments of inertia at the ends of the members, 
wherein the earry-over factor is as large as three fourths, resulting in relatively 
slow convergence, the simultaneous solution of four slope-deflection equations 
is the method to be preferred. 

Perhaps the most risible example is the so-called rigid frame—the two- 
hinged rectangular reinforced concretearch. One and only one elastic equation’ 
is required for finding the corner moment for each condition of loading, whether 
dead or live. The solution of such a problem, containing but one unknown 
quantity by any method where successive approximations may or can be used, 
is something fancy, and, if one reveres mathematical accuracy, the elastic 
equations can take into account the curvature of the deck axis, whereas the 
slope deflection and moment distribution are impotent to do so. 

Finally the writer expresses doubt in the author’s conclusion that the 
principle of work combined with successive approximations is useful in a better 


understanding of the structure. 


4‘*Analysis of Continuous Frames by Distributing Fixed-End Moments, ” by Hardy Cross, M. Am. 
Soc. C. E., Transactions, Am. Soe. C. E., “Vol. 96 (1932), p. 1. 
1o‘‘'Two Hinged Rectangular Arches Having Variable Moments of Inertia,’ Bulletin No. 79, Eng. 
Experiment Station, Purdue Univ., Lafayette, Ind. 
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Davin J. Perry,!® Jun. Am. Soc. C. E. (by letter).!°*—A method of an- 
alyzing statically indeterminate trussed structures is presented in this paper 
that is similar to modern methods of analyzing continuous beams and rigid- 
frame structures. The author points out that for trussed structures it seems 
better to solve simultaneous equations set up by classical strain-energy methods 
than to use direct methods of successive approximation in distributing stresses. 
The simultaneous equations are set up by customary methods, therefore, and a 
method of successive approximations is applied to their solution. 

The method of solving the simultaneous equations is essentially the method 
of iteration, or successive substitutions. It has been in use for some time by 
structural engineers for the solution of similar types of equations obtained by 
the use of three-moment equations, slope-deflection equations, or moment 
distribution.“ For equations in which the convergence of the proposed 
method is rather slow, the method proposed by George H. Dell,!® Assoc. M. 
Am. Soc. C. E., in which a series summation is used after the first few cycles 
of substitution, will materially reduce the labor involved. 

The examples chosen by the author yield systems of simultaneous linear 
equations in which the coefficients belonging to the principal diagonal of the 
matrix are much greater than the other coefficients. The solution of such 
equations by successive approximation converges rapidly. Most problems in 
indeterminate analysis are of this type, or can be made so by a proper selection 
of the redundants. In Example 2, for instance, the redundants are such that 
the equations are much simpler than for the general structure with eight 
redundants. If the expressions of Eqs. 3 are expanded, they yield, for the 
general case of a structure with eight redundants: 


—da0= X adaatX bab +X cactXadbaatX eOaetX sOas +X gbay +Xndan 
—Sn0=Xabsat Xoboo+X oct XaboatX ebpet+X Oop +X bsg +X nbor 
—bceo =XabcatX best X OeetXabca +X eOcetX sep t+Xgbcg + XnScn 
—Sa0= XabdatX bas +X bactX adaatX bac t+ X share +X gSag t+ Xn5an 


(16) 

—deo= Xabeat Xb eo+X ect Xadcat X OcetXsdestX ybeg+Xndon 
—6jo=XabsatX vb so+X cS potXabsatX ebpetX sOsp+X gbpgt Xnd jn 
—650=X abgatX vbgo+X cge+XadgatX eOgetX sbg¢ +X gbggtXndoh 
—Sno=XadhatXvdnotX Ore +X ana tX One +X sdns +X gong tXndhn 

Substituting the numerical values from Example 2: 

—140.08 =79.96 Xa+20.45 X>+ 0 LD + 0 0 +0 he 

—169.60 =20.45 Xa+93.86 Xs+ 20.45 X-+ 0 eto 0 aan +0 

—193.39 = 0 +2045 X+112.86 X-+ 20.45 Xat+ 0 + 0 30) +0 

—206.90 = 0 +0 + 20.45 Xe+123.68 Xa+ 20.45 Xe+ 0 +0 0 

—206.90= 0 +0 0 + 20.45 Xa+123.68 Xe+ 20.45 Xy+ 0 ~ oO (ag 

+ 11.30= 0 +0 ++, 0 a) + 20.45 X.+112.86 Xy+20.45 X,+ 0 

+508.60= 0 +0 eo ae) fe eC) + 20.45 X¢+93.86 X,+20.45 Xn 

+336.40 = 0 +0 cul it “a0 shit + 0 420.45 X,+79.96 Xa 


_ 10Stress Analyst, Curtiss-Wright Corp., R $1 ini urses i 
Airplane Stress Analysis, Washington Cay, eae ae oR ites Sheer estes eae 9 a 


10a Received by the Secretary February 26, 1941. 


11“‘On a Simple Method for Solving Simultaneous Li E i i i i 
Process,”’ by J. Morris, Journal, Royal Aeronautical Soe. April, {o35, yr ® Jucneeniye AD TEOS aa 


12 ¢¢ A 1 cy : . . . . ’ . * . 
Weer a 5 1880 > ag es Aided Through Use of Iteration,” by A. Floris, Engineering 


18 ‘Solution of Equations in S i i a 
Transactions, Am. Bont C.E., Vol. 100 ase) Werle Convene ne brerapet toe 
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It should be noticed that 42 of the 64 coefficients of the unknowns are zero, 
resulting in an enormous simplification of the solution. 
The solution of Eqs. 17 is quite easy by the common methods of elimination 


_ or determinants, whereas, if none of the coefficients of Eqs. 16 were zero, the 


a ie te 4 


solution would be quite laborious by successive approximations, and practically 
impossible by elimination or determinants. It seems obvious, therefore, that 
it is more important to select the redundants in such a manner as to simplify 
Eqs. 3 than it is to simplify the actual solution of the equations. 
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(c) REDUNDANTS 


Fig. 10.—Continvous Timp-ArcH BripGp 


If the redundants are selected so that all the coefficients dnn having unlike’ 
subscripts are zero, Eqs. 3 will have the following solutions: 


Wieeekns aii rh Meek) Cun bite Toate (18a) 
Ona 
pee (288 18b 
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This simplification eliminates the necessity for solving simultaneous equa- 
tions, and makes it possible to obtain the influence lines for the redundants 
directly as simple deflection curves. The influence lines shown in Figs. 7 ie 8 
are not for the redundants X,, Xs, and X,, but give only the terms Sq’, daa, 
and 6, to substitute in the simultaneous equations, which must then be solved 
for the redundants. 


(c) X,=1 (Values of «,) 


(d) Conjugate Beam Loaded With Elastic Weights 


Fig. 11.—Srrusses 


It is possible to select the redundants for any statically indeterminate 
structure in such a manner that Eqs. 3 are satisfied.4 Although this pro- 
cedure is often used for the analysis of fixed arches, many engineers do not 
realize that it may be used for the analysis of statically indeterminate trussed 
structures. The influence lines for the redundant forces may be found directly 
by the method of elastic weights, without solving simultaneous equations. 

The continuous tied arch shown in Fig. 10 will be used to illustrate the 
method of analysis. This is a threefold statically indeterminate structure 
symmetrical about the center line of the main span. The statically determinate 


14*‘Simplified Calculation of Statically Indeterminate Bridges,” by G. G. Krivoshein, Prague, 1930. 
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base system is formed by cutting the structure at the center line of the arch, 
If the redundant forces Xa, Xz, and X, are applied at the ends of rigid brackets, 
as shown in Fig. 10(c), the conditions, 


a up Ey 
ba = me nan ORS hale (192) 
and 
Up U, L 
JOSE 9S frp a ee Bee (196) 


are evidently satisfied. The stresses ua and w,, resulting from X, = 1 and 
X, = 1, respectively, are symmetrical with respect to the center of the struc- 
ture. The stresses ue, resulting from X, = 1, are antisymmetrical. The 
summations of Eqs. 19a and 190, therefore, will have the same absolute values 
for the left half of the structure as for the right half, but will have different 
signs. 

The distance e may be computed from the equation, 


Substituting the numerical values of the stresses wa (Fig. 1la) and u, (Fig. 11c), 
in terms of e, into the summation of Eq. 19c, the following values are obtained: 


3 Ua 2 EPG a0 es 2<75,942\= Gort i607 Danale: 


Since Eqs. 19 are now satisfied, the value of the couple X,foraload P = 1 
at any point qg on the structure may be found as follows: 


Ug Ua L 
- Se jag 

GE = oat = 7 (20a) 
AE 


The numerator of Eq. 20a represents the deflection of any point g, resulting 
from a couple X, = 1. This numerator is evaluated for all positions of the 
load P by the method of elastic weights. The elastic weights, or angle changes, 
for the load Xq = 1 panel unit are computed as shown in Table 5(a), Col. 1. 
The shears and bending moments in the conjugate beam of Table 5(a), Cols. 
2 and 3, represent the slopes and deflections of the actual structure when it is 
loaded with the couple Xz. The terms used in Eq. 20a may be in any units 
as long as the same units are used in the numerator and in the denominator. 
In this discussion the moment arms are used in panel units, in order that the 
moments in the beam of elastic weights (Table 5(a), Col. 1) may be obtained 
by a summation of the shears. The numerator and denominator of Eq. 20a 
both may be multiplied by L. 

The denominator of Eq. 20a represents the rotation of the cut ends of the 
structure relative to each other, resulting from the couple X, = 1. This term 
may be evaluated from the shear in the conjugate beam loaded with the elastic 
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= 194.108. 


Therefore, the influence line for X. is found by dividing the bending mo- 
: ments in the beam of elastic weights (Table 5(a), Col. 1) by 194.108, as shown 
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ConsuGATE Bram 


4 Hinged. 


¢ Center cross. 


« Elastic weights for Xa, Xs, or X- = 1. 


> Values of dag, dq, OF Seg. 


Sag 


© Values of — — 


baa" 


Panel | Elastic Influence |} Panel | Elastic Influence 
point weights? ordinate¢ |} point | weights ordinate¢ 
Shears | Moments? Shears | Moments? 
(1) (2) (3) (4) (1) (2) (3) (4) 
(a) OrpINATES FoR Xa (b) ORDINATES FOR Xb 
0 —5.776 0 0 0 —31.918 0 0 
+5.776 +31.918 
1 0.399 +5.776 | —0.0297 1 2.180 499.738 +31.918 | —0.0221 
+5.377 . 
2 1.068 +11,153 | —0.0575 2 5.892 +61.656 | —0.0428 
+4.309 : +23.846 
3 1.372 +15.462 | —0.0797 3 7.550 +85.502 | —0.0593 
+2.937 +16.296 
4 1.658 +18.399 | —0.0948 4 9.380 +101.798 | —0.0706 
+1.279 +6.916 
5 4,487 +19.678 | —0.1014 5 24.707 +108.714 | —0.0754 
—3.208 —17.791 
6 3.484 +16.470 | —0.0849 6 19.187 | +90.923 | —0.0631 
—6.692 —36.978 
7 3.084 +9.778 | —0.0504 7 16.965 +53.945 | —0.0374 
—9.776 — 53.943 
8 —0.6764 O¢ 0@ 8 4.5534 O¢ 04 
—9.100 —58.496 
9 4.028 —9.100 0.0469 9 19.948 —58.496 0.0406 
—13.128 —78.444 
ra 10 7.780 —22.228 0.1145 10 28.107 — 136.940 0.0950 
—20.908 —106.551 
11 17.474 —43.136 0.2222 11 46.088 —243.491 0.1688 
—38.382 —152.639 
12 32.522 —81.518 0.420 12 58.192 —396.130 0.2750 
—70.904 —210.831 
13 26.15 —152.422 0.785 13 17.0 — 606.961 0.4210 
—97.054 —227.895 
Ce —200.949 1.035/ Ce —720.908 0.5000 
(c) ORDINATES FOR Xe 
0 —9.422 ye 0 0 “4 5.030 15.963 | —0.1263 
1 0.650 9.422 | —0.0746 8 2.8934 o¢ 0¢ 
8.772 —18.835 ‘ 
2 1.743 18.194 | —0.1440 9 2.184 —18.835 0.1491 
7.029 —21.019 
3 2.236 25.223 | —0:1996 10 1.852 —39.854 0.3155 
4.793 —22.871 
4 2.705 30.016 | —0.2376 iT —0.896 —62.725 0.4965 
. 2.088 —21.975 
5 7.317 er 32.104 | —0.2543 12 —11.766 —84.700 0.6705 
9. —10.209 
6 5.683 26.875 | —0.2126 13 —10.210 —94.909 0.7510 
—10.912 0 
7 5.030 15.963 | —0.1263 Ce 


a ee eee 


7 Slope of the influence line at this point = @ = tan@ = 0.5. 
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weights for X, = 1. Thus, from Table 5(a), Col. 2: baa = 2 X 97.054 


TABLE 5.—CompuraTion oF INFLUENCE ORDINATES (IN PANEL UNITS) © 
SELLE ae SSL ae AN ORa Ie Be TEE ee 


in Table 5(a), Col. 4. This influence line is symmetrical with respect to the 
center line of the structure. The influence-line ordinates are shown in panel 
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units, or they represent the value of X, in panel-kips for a load of one kip. 
The moments may be converted to foot-kips by multiplying by 24, since the 
panel length is 24 ft. 


The value of Xz for a unit load at any point q is found from the equation: 


Ub Ug L 
‘ 5 
54 Tht oN inn te fll ARI a aA OR a (200) 
bb S uy? L 
AH 


The numerator of this equation represents the deflection of point g resulting 
from a unit value of Xz, and is evaluated for all positions of g by the method of 
elastic weights. These computations are shown in Table 5(b), Col. 1. The 
denominator of Eq. 20b is found as the deflection in the direction of Xs, for a 
load of Xz = 1; or as twice the bending moment in the conjugate beam at the 
center line of the structure. The influence-line ordinates for X, are given in 
Table 5(6), Col. 4, for half the structure. They are antisymmetrical with 
respect to the center line. 

The value of X, for a unit load at any point q of the structure is found from 
the equation: 


The numerator of Eq. 20c may be evaluated by the method of elastic weights, 
as in the computation of the influence lines for X, and X,. The denominator, 
however, represents the horizontal deflection of the point of application of the 
redundants, and must be evaluated by summation. Substituting the values 
of u- from Fig. 11(c), and the lengths and areas from Fig. 10, in this summation: 


uc L _ 126.34 es) 
Se oma ( Bel Cot ORS ae (21) 


‘If the values shown in Table 5(c), Col. 3, are divided by 126.34, the ordinates 
of the influence line for X, are obtained. This influence line is symmetrical 
with respect to the center line of the structure, and is shown for half the struc- 
ture in Table 5(c), Col. 4. 

The stresses in all the members of the structure may be found from the 
influence lines of Cols. 4, Table 5, by simple statics. Obviously, it is not 
necessary to solve simultaneous equations at any point in the analysis of this 
structure. G. G. Krivoshein™ shows that all statically indeterminate struc- 
tures may be analyzed without the solution of simultaneous equations for the 
redundants. Although the symmetrical continuous tied arch is readily 

~ analyzed in this manner, there are some types of structures in which it may be 
as laborious to select the redundants so that they satisfy Eqs. 18 as it is to 

solve the simultaneous equations. The redundants for the structure in Ex- 
ample 2, for instance, may be chosen by inspection so that 42 of the coeflicients 
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vanish, and it probably would not be desirable to compute the redundants so 
that 56 of the coefficients vanish in order to satisfy Eqs. 18. 

Acknowledgment.—The continuous tied-arch bridge analyzed in this dis- 
cussion is probably the first structure of its type in America. This bridge was 
constructed in 1940 over the Meramec River near St. Louis, Mo., by the 
Missouri State Highway Department. The data on this structure were 
furnished through the courtesy of Howard Mullins, designer of the bridge, and 
N. R. Sack, bridge engineer of the Missouri State Highway Department. 


Corrections for Transactions: January, 1941, Proceedings, in Table 1(a), 
values of s, change ‘‘—0.807 and —1.074” to ‘‘—0.806 and +1.074,” respec- 


tively. 
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DISCUSSIONS 


CONCRETE IN SEA WATER: A REVISED 
VIEWPOINT NEEDED 


Discussion 


By MEssrs. W. F. WAY, AND GLENN S. PAXSON 


W. F. Way," M. Am. Soc. C. E. (by letter).“"—It is the writer’s impression 
that Mr. Hadley’s paper is timely. Too long it has been thought that all 
concrete, good or bad, deteriorates in sea-water structures, the deterioration 
being due to chemical reaction between the sea water and the various com- 
pounds in the hydrated cement of the concrete. The writer agrees quite 
heartily with the conclusions in the paper. In fact, one cannot come to any 
other conclusion when observing in the same structure both sound and un- 
sound concrete in close proximity. Concrete that was placed, probably, from 
the same bucket or buggy—that is, concrete that has been under the same 
exposure—is found partly sound and partly unsound. Surely the difference is 
not due to chemical action. _True it is that concrete structures in sea water 
do not enjoy a flawless record; but it is also true that the real causes of unsound 
concrete have not been explained by the allegations of sea-water attack. 

The writer once had occasion to repair the substructure of a reinforced 
concrete pier whose supports were cylinders 4 ft in diameter, belling out to 
bases of 13-ft diameters. In the original cylinder construction, a timber shell 
form was made that was placed over a pile cluster previously driven, and when 
in place the marine ooze was pumped out and the base was sealed with a tremie 
plug. ‘The next step was to dewater the form and to place the reinforcing 
steel. The base and shaft were completed with a concrete supposedly placed 
‘Gn the dry.”’ For various reasons a good job was not obtained, and years 
later after the teredos had eaten away the wooden forms (which had all been 
left in place) the concrete began to ravel away. The repair contract required 
all work to be done in the dry, which necessitated the use of a pneumatic caisson. 
This caisson enclosed the cylinders successively, one at a time, from high water 
to the mud line—about 45 ft. Thereby an excellent opportunity was afforded 
to study this concrete after its fifteen years of service. The typical case 


Norre.—This paper by Homer M. Hadley, Assoc. M. Am. Soe. C. E., was published in January, 1941, 
Beh diodise, Diatsiot fs this paper has appeared in Proceedings, as follows: March, 1941, by Thomas 
E. Stanton, M. Am. Soc. C. E 

14 Vice-Pres. and Supt., Stuart Cameron & Co., Ltd., Stillwater, B. C., Canada. 


14a Received by the Secretary February 19, 1941. 
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showed lenses of mud through the base of tremie concrete, above which was a 
very lean concrete in the shaft capped off with a plug of solid laitance varying 
from 2 to 4 ft thick, or sections of lean concrete separated by bands of laitance 
6 to 12 in. thick. Many local areas of good solid concrete were encountered. 
It can be appreciated that this “failure of concrete’ was due solely to poor 
workmanship, although the impression gained by many was that an inherent 
weakness of concrete when exposed to sea water had something to do with 
this failure. 

The design of marine structures is a most important factor in determining 
the amount of maintenance that later will be required. Generally, designers 
have the option of using concrete piles or concrete cylinders in supporting pier 
decks. With concrete piles it is almost certain to be specified that all cracked 
piles shall be pulled and replaced with sound piles. Considerable controversy 
may arise over this point and therefore a brief description of a project in which 
3,500 piles were driven may be apropos. 

The piles on this job were 16 in. by 16 in. for lengths as great as 60 ft, and 
18 in. by 18 in. for 60-ft to 80-ft lengths. All piles were driven with a double 
acting hammer on a floating rig. These piles were carefully designed; the 
materials used were certainly of the highest quality; and the workmanship 
throughout, including curing, was in accordance with the very best practice 
(1933). When the piles were placed in the leads of the driver, no signs of cracks 
were visible. After they were driven each of the 3,500 piles was inspected by 
inspectors in diving suits, and it was found that practically every one had 
developed cracks during driving. Only at the inshore and in shallow water 
where the piles were shorter (about 40 ft), and the unsupported length during 
driving was 20 ft or less, were no cracks observed. Since it would have been 
beyond reason to expect the contractor to pull these piles and drive others, a 
distinction was made on this project between a ‘‘cracked”’ pile and a ‘‘ broken 
pile,” under which it was considered that only such piles as were incapable of 
acting as elastic members would be rated “broken.” Of the total number 
. driven, about 60 piles were definitely ‘“‘broken”’ and had to be replaced. 

In reaching this decision about ‘‘cracked’’ piles an investigation was made 
of the piles in an adjacent existing structure, built fifteen years previously. 
The marine growth was removed and the faces of the piles were inspected care- 
fully in an effort to locate cracks similar to those developing on the present job. 
As expected they were found; the concrete was then chipped back along the 
cracks, and in all cases the cracks were found to be opposite the reinforcing 
ties binding the vertical bars. They were all tight, and no signs of corrosion 
of either the bands or the main steel were observed. 

Since it was definite that these cracks, which occurred opposite the bands, 
had developed during the driving it was decided that the new piles should be 
watched during the actual driving process. Because the water was warm, a 
shallow-water helmet was used, being safer and permitting freer movements 
around the pile. Furthermore, the large face plate affords excellent vision. 
After a pile was in the leads, the inspector, in a shallow-water suit, climbed on 
the pile, keeping under the barge as much as possible to protect himself from 
falling spalls. After a few blows the cracks would be observed forming, and as 
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driving proceeded the cracks would start to “spit”? out the crushed material 
ground up by each blow. In many of the piles there would, be a crack opposite 
each reinforcing band. The conclusion was that as long as the bond on the 
main vertical steel was practically unimpaired there would be sufficient ground- 
up material remaining in each crack to re-cement itself and to protect the steel, 
and that the pile was as good as could be obtained. It is the writer’s opinion 
that it is impossible to drive a pre-cast reinforced concrete pile, as now being 
made, without developing these small fine cracks, especially when the length is 
around 35 to 40 ft from the mud line to the water surface. It is his further 
opinion that such fine cracks are not harmful if the concrete of the pile is of 
good quality, but that they are dangerous if the concrete is of poor quality. 
It all depends on “‘what kind”’ of concrete cracks. 

Many instances of poor concrete have come to the writer’s attention, 
occurring both in fresh and salt water substructures, and also many examples of 
good concrete have likewise been observed. One that might be mentioned is a 
small sea wall built along the beach of Elliott Bay at Seattle, Wash. This wall 
is 5 in. thick at the top and 7 in. at the base, and 5 ft high. The elevation of 
the top is at extreme high water. The wall is reinforced at the center with 
-in. round bars 15 in. on centers both ways. The concrete was made with the 
sand and gravel shoveled up from the beach, which at times contained a con- 
siderable quantity of sea water. The cement content was 6 sacks per cubic 
yard. The exposure is very severe and the wall has had to stand much pound- 
ing from both waves and drift. The wall is now (1941) thirteen years old and 
the only signs of distress are those due to erosion; no chemical deterioration 
can be observed. 


GLENN 8. Paxson,!® Assoc. M. Am. Soc. C. E. (by letter) .15*—Mr. Hadley’s 
excellent paper on the resistance of concrete to disintegration in sea water 
should find an appreciative audience among engineers who are working along 
the seacoasts. He should, indeed, be commended on this summary of his 
observations and its clear presentation. 

It is noted that the list of representative structures given in the paper in- 
cludes some in British Columbia, Washington, and California. The writer 

would add to this list the structures along the entire 400-mile length of the 
Oregon Coast Highway. Frequent inspections of all highway structures are 
made for maintenance purposes, and no example of disintegration due to 
chemical action of sea water has been found. These structures are not as old 
as those cited by Mr. Hadley—the oldest dating from 1920—but, if chemical 
action is taking place, some evidence should be apparent after 20 years of 
. exposure. 

Every indication points to abrasion rather than chemical action as the 
cause of any disintegration. It is noted that concrete members in deep water, 
where little or no sand is carried by wave action, retain the surface film of rich 
mortar and show the form marks. Piers and walls in shallow water or in 
the tidal range have this film worn away and show a granular texture. The 


15 Bridge Engr., State Highway Comm., Salem, Ore. 
15a Received by the Secretary February 26, 1941. 
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concrete is hard and firm, and it can be assumed that this slight wear is due to 
the sand carried in the water rather than to any solvent or disruptive action 
of the sea water itself. 

The enlargement of gravel pockets, laitance seams, and construction joints 
is the result of this same abrasive action. Examples of such structural defects 
that have not changed after 20 years of exposure to quiet sea water are common. 

The excessive rusting of inadequately protected reinforcing steel in sea 
water with the concomitant spalling of the concrete incasement is often ap- 
parent. Adjoining bars with the same exposure, but with adequate protection, 
show norusting. This disintegration is certainly not chargeable to any solvent 
or disruptive action in the concrete itself. 

The writer is in complete accord with Mr. Hadley’s conclusions that there 
is no evidence of any solvent or disruptive attack by sea water on properly 
made and placed concrete. 
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HYDRAULICS OF SPRINKLING SYSTEMS 
FOR IRRIGATION 


Discussion 
By ARTHUR F. PILLsBuRy, Assoc. M. Am. Soc. C. E. 


ARTHUR F. Piuuspury,® Assoc. M. Am. Soc. C. E. (by letter).8—In Cali- 
fornia, sprinkling systems for irrigation often have failed to perform satis- 
‘factorily because of faulty design, failure to obtain good distribution character- 
istics for the sprinklers with the spacings provided, and failure to interpret, 
properly, the limitations of the soil in absorbing the precipitation. Therefore, 
the excellent dissertation by Mr. Christiansen, based on a wealth of experi- 
mental evidence, is timely. 

Sprinkling systems are useful where: (1) A high water level exists, and less 
uniform surface applications would cause that level to rise; (2) the topsoil is 
shallow and pervious, and less uniform surface applications would create a 
temporary water table above a subsoil of different texture; (3) the soil is 
extremely pervious resulting in waste of water in parts of a planting; (4) irriga- 
tion is infrequent, the good topsoil is shallow, and for other reasons it is not 
practical to establish satisfactory grades for surface irrigation; and (5) ex- 
tremely light and frequent applications are desired, as with some pastures, 
lawns, and gardens. 

In short, sprinkler irrigation is useful where surface methods cannot be 
economically and efficiently utilized. Its use with field crops is limited to areas 
of high water table, or where extremely light frequent or infrequent supple- 
mental irrigations are desired, and with orchards to areas of shallow soil, 
extremely pervious soil, or unfavorable topography. 

In orchard irrigation, under-tree systems are unquestionably preferable to 
the overhead type. The essential sprinkler objective is to improve distribution 
of water. With the under-tree system, the distribution is less affected by wind 
and by the trees, it is better adapted to operation by the usual farm laborer, 


and it should be less expensive. 


Norz.—This paper by J. E. Christiansen, Assoc. M. Am. Soc. C. E., was published in January, 1941, 
Proceedings. 

8 Asst. Prof. of Irrig., Univ. of California, Los Angeles, Calif. 

8a Received by the Secretary February 17, 1941. 
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Mr. Christiansen’s data on distribution of water from sprinklers are of | 
greatest importance with the overhead type used for field crops. With under- 
tree orchard irrigation, sprinklers are generally spaced only 18 to 24 ft apart, 
and the greatest essential is to insure approximately equal discharge of each 
sprinkler, rather than absolutely uniform distribution in each space bounded 
by four trees, which is seldom attained. A good pattern is nevertheless 
desirable. 

For under-tree work the slow revolving sprinklers and perforated pipe 
systems generally are used for low-pressure (4 to 15 lb per sq in.) operation 
with medium to high rates of discharge (2 to 8 gal per min, or equivalent for 
perforated lines). Whirling sprinklers are used for intermediate pressures (10 
to 20 lb per sq in.) with all usual rates of discharge (1 to 8 gal per min) and 
for higher pressures with low to medium rates of discharge (1 to 4 gal per min). 
Fixed heads are used for high pressure (20 lb per sq in. and up) with high rates 
of discharge (4 to 8 gal per min) and for lower rates of discharge when spacing 
is closer than usual or when exceptionally high pressure is available. Inter- 
mediate and high-pressure systems usually result in economies in material where 
sufficient pressure is available without pumping. On the other hand, low- 
pressure systems may eliminate the necessity of pumping, or may minimize the 
pumping cost. 4 

The rate of application depends upon general farm practices or upon the 
maximum infiltration rates permissible without appreciable runoff and erosion. 
Infiltration rates decrease somewhat with increase in the proportion of the finer 
particles of a soil. More important is the physical condition of the soil. 
Generally, infiltration rates increase with decrease in original moisture content, 
but powdery dry soils may not take water readily. Organic matter, such as 
cover crops and manure, increases infiltration rates. Chemically ‘‘soft”’ 
waters (relatively low in calcium or with a high percentage of sodium in relation 
to other cations), and some inorganic fertilizers, may tend to leave a top sodium- 
saturated crust on the surface which is relatively impervious. Similarly, 
impervious crusts may be formed by physical compaction. Cultivation will 
improve infiltration by breaking up and mixing such crust with other soil. 

Of frequent practical importance in sprinkler design is the fact that the 
size of sprinkler drops (with equivalent spray trajectories) is closely correlated 
with physical compaction (“puddling’’) of the surface crust. For instance, 
on a bare soil classified® as Yolo loam, with sprinkler precipitation at a constant 
rate of 0.59 in. per hr, a 5.4-in. depth of fine spray was applied without runoff, 
while with a somewhat coarser spray only 2.5 in. could be so applied. Relative 
size of drops was roughly checked with the Bentley technique.” Detailed 
investigations are now (1941) being conducted by the U. S. Soil Conservation 
Service on the effect of drop size on erosion and infiltration.” 

In general, size of drop with a given sprinkler increases with distance from 
the sprinkler, and, comparing different sprinklers producing equivalent patterns, 


drop size decreases as pressure increases. This point is stressed because many 

EEE EO Le SE DEER En Se LA ea mae 
9 “Soil Survey of the Los Angeles Area, California,’’ Bure f Soils, U. S. D i i 

cooperation with the Univ. of California Agricultural eperiedat! Station. ‘1916. ee 


10 “‘Studies in Raindrops and Raindrop Phenomena,” by W. A. Bentl M i 
Weather Bureau, U. S. Dept. of Agriculture, October, 1904, Bb, 150-456 Se Uk ames eee 


1*‘Recent Studies in Raindrops and Erosion,” by J. Otis L: Agri i i 
Agri. Engrs., Vol. 21, No. 11, November, 1940, pp. 431-433. lanier bsclanti 
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TABLE 1.—For Sexectine Sizes or PorTABLE UNDER-TREE 
SPRINKLER UNITS 


Maximum Recommended Discharge per Sprinkler, at 20 Lb per Sq In., in Gal per Min, 
for Units with the Following No. of Sprinklers: 


Spac- 
ing 
(ft) 3 4 5 6 7 8 9 LOM elles | Qleta he 16052 18.5890 22 
(a) 34-In., Typr M, Coppmr Pirps—Souper Firrines 
16 76 4:6 |--371 12.8" | 1.82] 1142 P29 7.0 Sandie ei eae 
20 6.8 | 4.0 | 2.7 |}2.0 | 16] 12] 1.0] 09 tha Me aaa ees 
24 6.0| 36] 2-5 |18 |] 14] 12] 09 |] 08 et ata lh ph 
(b) 1-In., Typ M, Corprr Pres—Soupsr Frrrines 
16 On| 6:20 ( 246 ale-55 | 9/93 1 a'0 ||| a7 
20 SO ad. 4a 20 att oe ir oS tall 47 ell 1.5 
24 Wee o ESO p28 leapt ote. | 43 
30 C24 aS 2 Nols ole 2050.6. je tee |) ake 
(c) 1144-In., Typ M, Coprrr Prer—Souper Firrines 
16 10.9] 79 | 61 | 49] 4.1 | 3.4 2.5 | 2.0 
20 9.4] 7.0 | 5.4 | 4.4] 3.6 | 3.0 oy NY SUG 
24 8.6| 63 | 49] 39] 3.2 | 2.7 2.0 | 1.6 
30 7.6| 5.6 | 43 | 34] 2.9 | 2.4 1.8 | 1.4 


(d) 1-In. Evecrricat Conpuir (13é4-In. Instpp D1iamMereR), GALVANIZED, WITH CONSTRICTING 
AtRHOosE-Typn CouPLincs 


16 91155 | 38] 28 | 22 eee 
20 8.1 {4:9 | 3.4] 2.5 | 2.0 ee ees 
24 ES ESSN ORES | 3 ah Gees 
(e) 1-In. Exectrricant Conpuir (1364-In. Instpp Diameter), GALVANIZED, 
witH No ConstricTine Courlines 
16 | 12.7] 76] 52] 39 |] 30] 2.5 1.7 1.3 Me cee Nee 
20 |11.2| 68 | 46] 34 | 2.7 | 2.2 1.5 1.1 2 | TaN ae, 
Df ei 10.2 | 6: |: 4:2) [73.1 | 2.41.9 1.4 1.0 | ects 
(f) 114-In. Etucrrican Conpurt (134-In. Instipp DraMETER), GALVANIZED, 
wita No Consrrictine CouPLines 
16 10.6 | 7.9 6.2 5.0 | 4.1 3.5 2.6 2.1 
20 9.5 | 7.1 5.5 4.4] 3.7 3.1 2.3 1.8 
24 8.6 | 6.4 5.0 4.0} 3.3 | 2.8 2.1 1.6 
30 7.7 |5.7 | 44 3.6 | 2.9 2.5 1.9 1.5 


(g) 114-In. Gatvanizmp SPRINKLER Prrn (1.40-In. Instpn Diameter) wits Quick CoupLines 


16 8.6 6.7 5.4 | 4.5 3.8 2.9 2.2 1.8 
20 teste 6.0 4.8 | 4.0 3.4 2.5 | 2.0 1.6 
24 7.0 | 5.5 | 4.4 |3.6 | 3.0 ASV ELS | 1.5 
30 6.2 4.8 3.9 | 3.2 2.8 2.1 1.6 1.3 
(h) 2-In. GALVANIZED SPRINKLER Prrn (1.90-In. INstpp Dramerer) wita Quick CovuPLines 
16 12.1 8.4 6.4 49 4.0 3.4 2.8 2.4 
20 10.7 7.5 5.6 | 4.4 3.6 | 3.0,| 2.5 2.2 
24 9.7 6.8 5.1 4.0 3.2 2.7 2.3 2.0 
30 8.6 6.0 4.5 | 3.5 | 2.0 | 2.4 | 2.0 alirs 
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sprinkler systems have failed due to serious runoff and erosion that developed 
before sufficient water could be applied. Later investigations have indicated: 
(1) That the soil was too heavy for satisfactory sprinkler use under the cultural 
practices followed, and (2) that the condition might have been prevented had 
sprinklers with a finer spray been used. It must be recognized, then, that low- 
pressure sprinklers (with a coarse spray) are sometimes not suitable for irriga- 
tion of bare soils, whereas higher pressure sprinklers would be suitable. 

Mr. Christiansen’s data on evaporation losses indicate that loss from the 
sprinkler spray is insignificant. Some increase in evaporation, as compared 
with furrow irrigation, may result, however, from the greater ground surface 
wetted and from water intercepted by plant foliage. His data on the hy- 
draulics of sprinkler lines are quite complete. Comments on the hydraulics, 
having in mind the small under-tree units commonly used in Southern California, 
follow: 

(1) The recommendations of Mr. Pigott® for friction loss in new steel and 
copper pipes are very satisfactory for use in design of {-in. to 13-in. units, as 
indicated by recent tests of friction losses in such pipes. 

(2) Generally, the under-tree units have sprinklers at each end of the line, 
and are uniformly spaced. Sufficient accuracy is attained if it is conservatively 
assumed that friction losses will be one third the loss that would occur if the 
full flow of all sprinklers was carried to the end of the line.” 

(3) Table 1 shows the maximum recommended sprinkler discharge in 
gallons per minute at a pressure of 20 lb per sq in. and an over-all pressure ratio 
of 1.2. The sprinklers are assumed to be all similar, equally spaced, and placed 
at each end of a unit. Spacings that are not included can be interpolated. 
In Table 1, approximate lengths of pipe that can be dragged readily by one 
man, under favorable conditions, are underlined. Assuming a maximum 
allowable over-all pressure ratio of 1.2, Table 1 is satisfactory for use in design- 
ing the portable units. Included are all the various types of pipe now used for 
such portable units. The usual steps in designing a unit are: (a) Select the 
application rate desired (generally 0.2 to 1 in. per hr); (b) compute the desired 
sprinkler discharge by the formula 


Sprinkler discharge in gal per min 


_ Area (sq ft) per sprinkler X rate of application (in 1 hr) 
= 063 Ce Ot es (17) 


(c) select sprinkler and operating pressure; (d) determine what the discharge 
per sprinkler would be at 20 lb per sq in. (discharge proportional to square root 
of pressure); and (e) select pipe and length of unit from Table 1. Usually 
sprinklers with devices for manually adjusting pressure at each sprinkler are 
not satisfactory for under-tree systems, but whirling sprinklers are. being 
developed which automatically regulate discharge if pressure is greater than 
8 lb per sqin. If these prove satisfactory, it will not be necessary to limit the 


pressure ratio when using them but simply to insure adequate pressure at the 
distal end of each unit. 


St rE a ee 5 5 aE 
pp. Uitte y He luids in Closed Conduits,” by R. J. 8. Pigott, Mechanical Engineering, August, 1933, 


12 ‘The Design of Overhead Irrigation Systems,” by E. 8S. W 
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VALUE OF PUBLIC WORKS 


Discussion 
By CLARENCE W. Post, M. Am. Soc. C. E. 


CLARENCE W. Post,’ M. Am. Soc. C. E. (by letter).4*—In this paper, 
Major Hallihan places sewage treatment plants and water purification plants 
in the category of projects that naturally fall into a class handled by the 
PWA. In New York State this has not been true; some of the largest and 
best projects that the WPA has constructed in the state have been for water 
treatment, sewer systems, and treatment plants. These range from a small 
complete sewer system and treatment plant at the Village of Ft. Ann (popu- 
lation in 1940, 4387) to the interceptors and treatment plant for the Ley Creek 
Sanitary District, Syracuse, which cost more than $3,000,000, and which was 
designed for a population of 30,000 and a daily average flow of 43 million gal. 

Under the WPA program, thirty-four treatment plants have been con- 
structed and twenty-seven plants enlarged and improved. Projects for inter- 
ception and treatment plants have also been started in many more communities. 
In addition to these plants, 1,900 miles of sanitary and storm sewers have been 
installed. Two storm relief tunnels driven through rock have been built in 
the City of Rochester, and a third submitted for approval. 

The plans and specifications for this type of work must be prepared by 
either regular civil service employees of the engineering bureaus of the various 
cities, or by consulting engineers. All plans and specifications must be ap- 
proved by the Division of Sanitation, New York State Health Department, 
before any work may be performed. 

When a project is placed in operation the selection of a superintendent 
to have charge of the operation is of utmost importance. Applicants’ personnel 
records and construction background are examined and the final determination 
and approval for employment comes from the director of operations or the 
chief engineer of the New York State Work Projects Administration. 

One other factor helps in this type of work in New York State: Each 
community signs an agreement to furnish the necessary skilled labor if such 


Norr.—This paper by J. P. Hallihan, M. Am. Soc. C. E., was published in February, 1941, Proceedings. 
4 Deputy State Administrator & Chf. Engr., New York State WPA, Albany, N. Y. 
4a Received by the Secretary March 14, 1941. 
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skills are not available from the relief rolls. Small buildings have been, and 
are being, built successfully by the cooperation received from the sponsors 
_ who, in many instances, have furnished the bricklayers and any other me 
artisans who are lacking from the relief rolls. In every instance, however 
the federal expenditures on these projects are only about 30% to 40% of e 
total cost. 

The plants can be built with relief labor when care is exercised over thal 


selection of key personnel to supervise the work. | 
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ON THE METHOD OF 
COMPLEMENTARY ENERGY 


Discussion 


By Megssrs. I. K. SILVERMAN, AND GEORGE R. RICH 


I. K. Stnverman,” Assoc. M. Am. Soc. C. E. (by letter).29°*—The ideas pre- 
sented in this paper throw a great deal of light on a concept that seems to have 
become axiomatic in many minds. This concept is one that deals with the 
economy of Nature, and it is expressed in textbooks dealing with the theory of 
structures by means of the ‘‘Principle of Least Work.’’ Perhaps it is because 
the engineer, in dealing with forces, has come to have a respect for the way 
Nature behaves. The behavior of liquids, the action of falling bodies, the . 
structure of organic materials such as bones and feathers,*° the apparent minimal 
surfaces that may be obtained with thin films, cells of honeycombs, etc., all 
seem to be conclusive evidence of the economy of Nature. 

It is a far cry from the Ptolemaic concept of the universe to the Principle of 
Least Work of modern structural analysis, but the conflict between the theo- 
logical and mechanical concepts of the universe, which raged around the 
Ptolemaic theory, imparted a metaphysical twinge to the ideas of the philoso- 
phers who followed Galileo. 

In their studies of the phenomena of Nature the investigators of the seven- 
teenth and eighteenth centuries attempted to explain them from the inherent 
perfection of the Creator. It is not strange, therefore, to find the concepts of 
minimum arising from the efforts of the philosophers of this age to explain the 
universe. So great has been the influence of these precursors of modern science 
that their “minimum principles’ have come down through the centuries to be 
included in modern textbooks with even the argument of the wisdom of the 
Creator in calling for economy in Nature. Such is the background of the 
principle of the minimum in the theory of structures. 

Jules Henri Poincaré declared that any generalization which is based on 
experimental results has no right to be called a principle, and an examination of 

Norsz.—This paper by H. M. Westergaard, M. Am. Soc. C. E., was published in February, 1941, 


Proceedings. 
29 Asst. Engr., U. 8. Bureau of Reclamation, Denver, Colo. 
29a Received by the Secretary March 12, 1941. 
30 ‘The Science of Mechanics,’’ by E. Mach, The Open Court Publishing Co., Chicago, Ill., 1893, p. 
452. 
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the assumptions which led to Castigliano’s second theorem and thence to what 
is generally, but incorrectly, called the Principle of Least Work will bear this 
out. The basic assumptions are as follows, as applied to engineering structures: 


1. The deformations produced are infinitesimal and thus it follows that the 


law of superposition holds; and 
2. A linear relation exists between the forces and displacements. 


From these two assumptions the energy stored in a body can be expressed 
as a quadratic in the forces or the displacements. Castigliano’s first theorem 
follows: The partial derivative of the expression for energy containing the forces 
with respect to any force gives the displacement of the force in the direction 
it acts; and, for those forces which do not move because of their geometrical or 
kinematical restraints, the partial derivatives are zero. This latter result can 
be expressed as a theorem interpreting the vanishing of the derivative as a 
condition for a minimum. This theorem of ‘‘minimum”’ will not hold for the 
cases in which (a) the law of superposition is no longer true, and (6) the material 
does not follow Hooke’s law. 

These conditions are purely experimental, and in the light of Poincaré’s 
specifications the term “‘principle” is inadmissible. Most of the materials used 
in structural engineering may be considered to satisfy the conditions under 
which the theorem holds, and the results obtained in practise agree essentially 
with those predicted by the application of the theorem. 

The author has introduced a new term, complementary energy, which is 
certainly not of anthropomorphic origin. It is nothing more than a mathe- 
matical expression involving stresses or forces which, upon differentiation with 
respect to the stress or force, gives the corresponding strain or displacement. 
When the forces involved are constrained kinematically or geometrically the 
ensuing derivative is set equal to zero, which is interpreted as a minimum. 
The author has shown that in the case of Hooke’s law “‘complementary energy” 
coincides with “elastic energy.” 


Ce | 


Fia. 6 Fie. 7 


The only check on the results obtained by using either the “law of least 
complementary energy” or the “law of least elastic energy” is a geometrical 
one. In both cases the equations of equilibrium are first applied and when 
dealing with a statically indeterminate structure a “minimum principle” is 
used to determine the statically indeterminate quantities. In the last analysis 
the results obtained can be checked only by noting that the conditions of con- 


tinuity are preserved. Thus the three solutions for S, of Fig. 2(a) can be 
shown to be correct as follows: 
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From Fig. 6 the deformation D, is connected with the deformations D,z and 
D3 by the following equation: 


Dike erga Dg inh 3% 2. sn (1980) 
nore <3 C, 
Dia = X)h=2kX = 2D; ond X= 2...../, (1288) 
For 30 <P <5(, 
Di =2k(P—-X—-C) =2bX=2Di; ond X=PH" (980 
and, for P > 5C, ; 
ee a Cy ara OG 0) 2D,: and? Xo” = say 


3 


The fundamental character of a solution based on consistent deflections is 
apparent; but it must be admitted that a solution based on a ‘‘minimum”’ 
principle as presented by the author will prove more attractive to analysts 
because of its economy of thought. 

Stability Problems.—The essential feature in the study of stability problems 
is that the structure in question is assumed to have a geometrical configuration 
entirely different from its original state. The equations of equilibrium are 
set up from this strained state rather than from the unstrained state as is done 
in all other problems of equilibrium. The question then becomes: What must 
be the value of the forces so that the strained state may be maintained? Two 
general methods are available that can be shown to be identical. 

The first method involves the problem of the elastica—that is, the solution 
of the differential equation that describes the possible states of equilibrium. 
The second method, the energy method, is based on the fact that, for unstable 
equilibrium, the potential energy of a system is a maximum and any virtual 
variation from that state involves a decrease in potential energy. The criterion 
by which the conditions of unstable equilibrium are determined is that, in the 
transition from the actual state to one infinitely close to it, the variation of the 
potential energy is zero; that is, 


in which 7 is the potential energy of the system. One important feature of 
this statement is that it is independent of the law of elasticity and holds for 
large displacements. 

Instead of using the potential energy of the structure, the author has sub- 
stituted for it a “complementary energy” and claims superiority of the method 
of “complementary energy” over the potential energy by showing that, by the 
use of Eq. 23, based on “complementary energy,” a closer value to the buckling 
load can be obtained than by using Eq. 27, which is based on potential energy. 

The reason for this apparent superiority lies in the fact that the author 
has satisfied all boundary conditions by using the expression M = Pz for 
the moment at any point whereas Eq. 27 utilizes the more general term 


\ 
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M=EKI pa . When Eq. 27 is to be used the approximating function must 
x 
satisfy all the boundary conditions and using Eq. 24 would naturally give a 


poor result. The Timoshenko variant takes this fact into accgunt by writing 


2 A. 
Pie mM Sy oe ed (130) 
dx? 
If an expression that satisfies all boundary conditions is used, Eq. 27 
furnishes a more accurate result than does Eq. 23 when Eq. 24 is used. For 
example, assume 


22 C(Pa = 2 lat a at) si ae ie ieee (131) 
which satisfies all boundary conditions. From Eq. 27 
168 EI EI 


As a matter of fact Eq. 27 has a marked superiority over Eq. 23 in that 
it is perfectly general and will hold under all boundary conditions, whereas Eq. 
23 will have to be modified according to the boundary conditions. Consider 
the case shown in Fig. 7. 

Assume a starting shape 


Be eai0 (Bb aaah) a trate aye oe ere (133) 
which satisfies all boundary conditions. The exact solution for this case is 
2 
Piss aa From Eq. 27, P = 2.5 ae , whereas Eq. 23 gives the impossible — 
value of P = — a = . Evidently Eq. 23 must be modified to take the free 


end into account. 

Eq. 27 was derived by equating Eq. 26 to zero, but an equivalent and (in 
the writer’s opinion) more fundamental expression may be derived by the 
application of Eq. 129. 


From Eq. 26 
; ; 
is dz \* dz \? 
r=3) | #1 (22) -p(#) |e Bs SO (134) 


_ The variation of this integral is a problem in the Calculus of Variations, and 


on performing the variation the following result is obtained: 


l 
d4z dz dz d3 : 
or = f E wae pao’, Ba Z 
elk 1924 P22] seas | (p+ ere) se | 


dz d . 
+£1|#23(#)| <0 idlieb iinet eae (135) 
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The terms in the brackets are called ‘the terms at the limits,’ and when they 
are zero Eq. 135 becomes 


l 
dz dz 

f [wr d+ eZ] sear =o easimbeWster eh shis le wsicec sie (136) 

Since the variation 62 is arbitrary, Eq. 136 is fulfilled when 

diz dz 

HIT, +Pa3=0 De MiG ClO RRO con Moy cue. 5 idee (137a) 

Eq. 137a may be integrated to 
dz 
Higa tPz= ep PIN rat fants Ra (1376) 


which is nothing more than the differential equation given by Leonhard Euler. 
From this demonstration may be seen the connection between the problem of 
the elastica and the energy method. 

The approximate solution of all problems in mechanics based on the vari- 
ation of an integral can be simplified greatly, as follows: When the boundary 
conditions are such that the “‘terms at the limits” are zero, Eq. 135 becomes 
Eq. 136. In general, Eq. 1386 may be written*! as 


l 
f [ Differential equation of equilibrium] xX [Virtual change of the function 

0 
describing the state of equilibrium ]dz = 0...........(188) 


When the “‘terms at the limits” are not zero an equation of the form of Eq. 
135 must be dealt with. It must be remembered that Eq. 135 is the result of 
the variation of the integral of potential energy of a straight column subjected 
to end loads. Any other condition of loading will require a slightly different 
expression. 

Consider the case shown by Fig. 3(a). The application of Eq. 135 to this 
case is as follows: 

Since the ends are held, the terms at the limits vanish leaving Eq. 136 or 
138. Assuming the value of z in Eq. 131, which satisfies all boundary con- 
ditions: 


dz eee ie 
Hide A eh See ncta ee qe = Wee bE) sees ers (1394) 
ee PGS ues) an ae AO 
dx? eae at 
and, 
Ce OC (Ltn ted Lh sae) elas ache acaba (139c) 


Substituting in Eq. 136 
l 
f [ET 24¢4 12 Pc (2 — 12x) ][ x — 2123 + 24] 6c dx = 0. .(140) 
0 


31‘‘Bine Wichtige Vereinfachung der Methode von Ritz zur angenaherten Behandlung von Variations- 
Broblenen,” by HL. Pronokys Zeitschrift fiir angew. Mathematik und Mechanik, Vol. 7, 1927, p. 80. 
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Performing the integrations it will be found that 


The differential equation of the strained column is given by Eq. 1376.9 
From Eq. 138 


: dz 
if [wr $8 + Pe | dea = Oy cus. See 
0 dx 
Substituting Eqs. 139 and performing the integrations will lead to 
306 EI 
P= 7 (143) 


For the case shown by Fig. 7, Eq. 138 cannot be used and Eq. 135 including 
the ‘terms at the limits’? must be used. 

The same general method can be applied to vibrating systems.” 

One point which should be emphasized in the foregoing approximations is 
that the critical loads and their analogous quantities in vibrating systems are 
always larger than the actual values and, therefore, are necessary but not suf- 
ficient magnitudes. Therefore, these approximate values are on the unsafe 
side and other methods? should be used to determine the lower limit. 

Fundamentally there is no difference between the method presented by the 
author as expressed by Eq. 11 and that as expressed by Eq. 1388. The writer 
believes that the differential equation or the energy expression of a given 
problem can be “‘set up” with greater ease than the deflections, displacements, 
and changes of curvature required by Eq. 10. Furthermort, all reference 
volumes on the theory of structures present the general theory of equilibrium 
via the differential equation and the investigator will find Eq. 138 quite easy 
to handle. 

The method based on Eq. 138 also may be used in the approximate solution 
of problems of stable equilibrium (for example, in the determination of the 
deflections of beams, etc.). One important problem to which it has been 
applied is that dealing with the action of a suspension bridge subjected to | 
lateral forces and to the determination of the natural frequencies of this type 
of structure when vibrating in a horizontal plane. 

Under the action of a uniform wind load the deflection of a suspension 
bridge can be expressed as 


6= Gn U4 ey ni £ 
tei ee Doct ttt tet etree es 


The moment and shear in the horizontal system may be determined from 
a6 d3§ 

M=EI a? and shear = HJ ais Eq. 138 may be used to determine the 

ie 1980, site! Pseudo-Harmonic Vibrations,” by I. K. Silverman, Journal of the Franklin Institute, 


up, 5 Theory of Elastic Stability,” by 8. Timoshenko, McGraw-Hill Book Co., Inc., 1936, p. 84; 
Rayleigh’s Principle,” by G. F. J. Temple and W. G. Bickley, Oxford Press, 1933, = 29 and os 72. ae 
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values of dn. A set of simultaneous equations is obtained given by the general 
formula ; 

A 4 (n 1) 5 
nm — 1)? (n +1)? 


An L(r n)* Ay + (rn)? Ao ae A3| a 2 ai 7 


ape As 

Ree for-n = "1735 5, 
in which 7 may have any odd integral value except n, depending upon the 
number of terms assumed in the series, Eq. 144; and A; to Ag« are constants 
of the, structure and loading. Thus a direct solution is furnished by use of 
Eq. 138 to replace the tedious trial and error solution now available.*4 


GrorGE R. Ricu,?> M. Am. Soc. C. E. (by letter).35*—Dean Westergaard 
has prepared a valuable and interesting paper which, for maximum benefit, 
should be read as a sequel to his earlier paper on the “Buckling of Elastic 
Structures,’’** from which the somewhat formidable terms “‘orthostatic action,” 
“astatic action,’ and “heterostatic action’ emerge as the more familiar 
expressions ‘‘simple stress or bending,” “‘pure buckling,” and “mixed buckling.”’ 

In determining critical buckling loads or natural periods of vibration, it 
appears from the examples adduced by the author that the method of comple- 
mentary energy affords much greater latitude than the Rayleigh method in 
the selection of functions to represent the deflected elastic line. This is par- 
ticularly striking in the author’s use of parabolic loci in the cases of the buckling 
of hinged-end columns and the lateral vibration of prismatic beams. In the 
Rayleigh type of investigation, parabolic curves do not ordinarily yield de- 
pendable results for the reason that the resultant expression for curvature of 


2 
the member, x , is a constant, whereas the curvature should vary with the 


bending moment. In problems similar to the analysis of vibrations in sus- 
pension bridges, in which the choice of functions naturally gravitates to certain 
standard trigonometric forms or Fourier expressions, the Rayleigh method 
appears to have the advantages of greater simplicity and directness without 
any considerable sacrifice of accuracy. 

For example, Eqs. 125 and 126 may be verified exactly, Eq. 124 cheeked 
very closely, and Eq. 127 checked within 10% by direct substitution, in a 
single operation, of the functions 


2 = 2, sin “7—sin wt, Ge WO = Pe OW ORO ehtns Gola cr (1462) , 
and 
= 2, (sin 4 —1sin 2) sin, LOD Von Orel eee (146b) 


EE EE —————————— EE eee 
34*‘Suspension Bridges Under the Action of Lateral Forces,” by Leon S. Moisseiff and Frederick 
Lienhard, Members, Am. Soc. C. E., Transactions, Am. Soc. C. E., Vol. 98 (1933), p. 1080. 


35 Asst. Chf. Design Engr., TVA, Knoxville, Tenn. 

35a Received by the Secretary March 13, 1941. 

36 ‘Buckling of Elastic Structures,” by H. M. Westergaard, Transactions, Am. Soc. C. E., Vol. LXXXV 
(1922), p. 576. 
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in the standard Rayleigh form of the energy equation: 


; 4 l 2 U 2 
eiids Ven rs aes os [$( Ee) ar. can 
fs) w= [ F ae dx + 5 2 \ da? 


In fact, Eqs. 125 and 126 may be verified exactly by using the somewhat 
rougher form of Rayleigh expression: 


l 2 rel 9 2 l 2 
w [dz o EI =) Q (2) Yi 148 
{s(4) de = J Bie tet f 2 \ dz bree 2 | ) 


l 2 
in which the term ap : ee dx reflects the assumption that the increased 
0 


length of cable due to the vibratory motion is equal to the increased length 
of elastic line of the deflecting stiffening truss. In using the Rayleigh method 
for this problem, the z-axis is taken as the undeflected axis of the stiffening 
truss, and all ordinates z are measured to the deflected elastic line of the truss. 
No ordinates are measured to the cable. The functions adopted for z simply 
represent the idea that the stiffening truss deflects during vibration into either 
an even number of alternating equal bay waves or an odd number of alternating 
unequal bay waves, the configurations in either case being such that the net 
departure of the cable during vibratory motion from the parabolic form in 
equilibrium under the dead load is a minimum. This action is implied by 
Eqs. 93. In addition, these functions represent the familiar normal modes in 
which the oscillations of all elements of the elastic system are either in phase 
or in opposition, and the functions chosen have the convenient conjugate 
orthogonal property 


f sin me sin ne de = 0, £00. 3% Nera ort (149) 


In this connection, it is recognized that the author’s primary purpose is to 
give examples of sufficient variety to demonstrate the power and range of the 
method of complementary energy. He is well aware, of course, that in certain 
instances alternative methods may prove equally convenient, as is shown by 
his statement that the problem of buckling of a thin circular disk supported 
at the edges and loaded by a normal edge load may be solved with equal ease 
by the standard method of attack using Bessel functions. 

Dean Westergaard has rendered continued service to practicing engineers 
by demonstrating the great economy of time and labor, and the penetrating 
insight into structural action, that are afforded by the use of the more incisive 
methods of advanced analysis. Without attempting the mastery of existence 
theorems, reasonable facility in the use of the variational principles may be 
acquired for a surprisingly small expenditure of time; and, as remarked by 
Lord Rayleigh sixty years ago,!® the difficulty in connection with Fourier 
series lies not in its practical physical applications, but only in a rigorous 
demonstration of what the professional mathematician means by the statement 
that the expansion represents the function “almost everywhere.”’ 


“oe ” 4 
18 Theory of Sound,” by Lord Rayleigh, 1877, 2d Ed., MacMillan & Co., Vol. 1, 1894, pp. 109 and 257; 
see also ‘‘Vibration Problems in Engineering,” by S. Timoshenko, Van Nostrand Co., 1928, pp. 55-60. 
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AN INVESTIGATION OF STEEL RIGID FRAMES 


Discussion 


By Messrs. M. HIRSCHTHAL, AND JAROSLAV J. POLIVKA 


M. HirscuTuar,® M. Am. Soc. C. E. (by letter).!.*—Tests of large-scale 
models of indeterminate structures are of the utmost value to the engineering 
profession as a verification of theory (or its disproof), as well as for the clarifica- 
tion or decision of controversial questions in connection therewith. However, 
to accomplish such results, meticulous care must be exercised so that neither a 
predetermined theory nor methods pursued in similar investigations exercise 
any influence on the researcher in his tests. It is to be feared that the authors 
permitted themselves to be somewhat influenced in both ways. There is no 
question of the great advantage to be gained in planning tests that will either 
confirm or deny results previously obtained by the selection of similar forms 
for tests, but no attempt should be made to read into the results identity 
with the prototypes (tests) or to resort to “modified sections’ to confirm 
theoretical analysis in which assumptions must necessarily be made as a basis 
for logical results. 'The tests were well planned, yet it is questionable whether 
the degree of accuracy was sufficiently great when the variations between 
assumed theory and stresses obtained from strain readings are of approximately 
the same amount at times as the expected accuracy of 300 lb per sq in. in the 
instruments used. The authors state that the number of readings or observa- 
tions was governed by the desirability of limiting the number of holes made in 
the angles. Could not the remedy have been found in welding and thus this 
difficulty been eliminated? Gage lines along the gravity lines of each of the 
angles of the curved inside section might have furnished valuable information. 
In selecting the configuration for the curved-knee frame (Fig. 1(6)), the authors 
made the crown thickness 6 in., carrying the soffit of the beam parallel to the 
extrados, whereas the leg is 74 in. thick at the base. The result is that the 
sections at the diagonal through the knee are not equal—the vertical section 
through the beam is 133 in. deep and the horizontal section through the leg 


Norr.—This paper by Inge Lyse, M. Am. Soc. C. E., and W. E. Black, Jun. Am. Soc, C. E., was pub- 
lished in November, 1940, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
January, 1941, by C. J. Posey, Assoc. M. Am. Soc. C. E.; February, 1941, by W. J. Eney, Assoc. M. Am. 
Soc. C. E.; and March, 1941, by Messrs. LaMotte Grover, and William R. Osgood. 


16 Concrete Engr., D. L. & W. R. R., Hoboken, N. J. 
16a Received by the Secretary March 6, 1941. 
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is 152 in. deep (Fig. 31). In the case of the square-knee frames, these sections 
are of the same depth, which is preferable. 

An examination of Fig. 18 discloses the fact (and it is pointed out by the 
authors) that, from the tangent point 22 (opposite 2) around the curve to the 
tangent point 32 (opposite 19), the 
observed stresses (computed from 
the strains) are considerably higher 
than those computed by the “beam 
formula.” Beyond these points, both 
in the horizontal beam and in the 
vertical legs, the stresses are lower 
than those computed theoretically. 
The writer differs from the authors 
on two points as to the reasons and 
Moan the results of these conditions. 

Fra. 31 First: Since points 32 and 22 and 

the points opposite them are subjected 

respectively to the maximum compressive and maximum tensile stresses, it is 
evident that (a) the sections through these points (practically the points of 
tangency) are at the points of maximum negative moment of the respective 
horizontal and vertical spans; (b) that 
they are the “fixed ends,” and (c) that 
the section between, or the knee sec- 
tion, furnishes the restraint for such 
fixedness. Under such conditions 
(Fig. 11) the stress distribution along 
a diagonal across the knee would not 
follow the “‘straight-beam” theory, 
but rather, more nearly, that result- 
ing from a thrust against this diagonal 
section. The resistance to this thrust 
is offered by the remainder of the 
frame (the other half of the knee and 
the leg) down to the hinged support 
(Fig. 32). The bending moment at 
the end of the beam span, resulting 
in tension in the upper plane and 


compression in the lower, together 
with the vertical shear, may be con- 
sidered replaced by a thrust acting 


eccentrically on the section, the ec- 
centricity being equivalent to that 
resulting in the aforementioned bending moment. From the observed location 
of the zero strain (therefore, zero stress), the resultant thrust is evidently ap- 
plied very close to the inside edge of the diagonal. The point of zero stress 
under this assumption would be located at three times the distance f rom the inside 
edge to the point of application of the resultant, similar to the condition of a 


T 


Fia. 32 
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footing on rock or other unyielding material, in which the resultant of the 
pressure falls outside of the middle third of the base. As long as there is no 
yielding under the point of maximum compression (in other words, if the sur- 
face resists distortion), there is no possibility of a tensile stress at the outer edge. 

Second: From the fact that the extreme fiber stresses between the tangent 
points of the horizontal and vertical members, as computed from the observed 
strains, were considerably greater than those calculated from the theoretical 
assumptions, the authors conclude that the knee was “not stiff enough.’ The 
writer differs with this conclusion, and feels that on the contrary the knee, 
because of its very stiffness, was capable of taking greater stresses than as- 
sumed. Thus it relieved the sections of the horizontal beam, and the vertical 
legs beyond the knee, of part of the stresses or moments, resulting in the lower 
actual observed stresses noted in those sections. The situation is similar to 
that occurring at the junction of two members, such as a column and a beam, 
subjected to a bending moment, in which case the stiffer member takes the 
larger share of the moment. Likewise, within a member itself the section 
having the greater stiffness will take the greater part of the moment. Perhaps 
this is the explanation of the fact that a reinforced-concrete beam never yields 
a deflection anywhere near that calculated for the particular condition of 
loading. A well-proportioned beam has about one third of its tensile reinforce- 
ment bent up for shear and diagonal tension, and this reinforcement is carried 
into the opposite plane for proper anchorage, thus providing a cross section at 
the supports far stiffer than that assumed for the theoretical consideration 
of a reinforced-concrete beam design from which the deflection is ordinarily 
computed. : 

The condition at the knee is not unlike that posed when a deep girder is 
connected with a relatively light column and the column selected is found to be 
overstressed. An increase in the column section will result only in an increase 
in the share of the bending moment it will be required to resist. Thus, it is 
evident that, to relieve the column of its overstress, it will be necessary to 
increase the girder section at its junction with the column so as to take a 
greater share of the moment because of its increased stiffness. This, however, 
does not end the problem, which cannot be treated herein. 

Square Knee.—In Fig. 16, which shows the distribution of stress for the 
square-knee section, it is to be noted that the compressive stress in the corner 
(the junction of the soffit of the horizontal beam with the vertical leg), from 
gage observation, is much higher than that which had been computed—the 
theoretical stress. F.E. Richart, M. Am. Soc. C. E., in his tests of reinforced- 
concrete knees at the University of Illinois, found a similar concentration of 
stress at the inside corner of the specimen. At that time, the writer had 
suggested that this might have resulted from the fact that the horizontal section 
through the leg and the vertical section through the beam, at their junction, 
have a common extreme fiber in compression and such a concentration of stress 
was to be expected. Where these sections are at right angles to each other, 
the resultant compressive stress would be the square root of the sum of the 
individual squares of the individual extreme fiber compressive stresses; and, 
where the depth of section and reinforcement are the same in both sections, 
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this resultant stress would be 1.41 times the compressive stress of either. This 
would also apply to the structural.steel section. This assumption appears to 
be practically verified in Fig. 16 where the observed stress in the horizontal 
member is about 22 kips, whereas the theoretical stress is only 15 kips per sq in., 
although the section for the vertical member does not quite corroborate this 
value. For the foregoing reason, the writer would suggest including this 
consideration in the recommendation for design that the authors include in 
recommendation 1. 

In the opinion of the writer the results of the tests are not quite conclu- 
sive and do not justify the other definite conclusions embraced in the recom- 
mendations. 


Jarostav J. PottvKa,!” M. Am. Soc. C. E. (by letter) .’*—The investigation 
is a valuable contribution to the analysis of framed structures with variable 
moments of inertia. In the analysis of such types of structures, certain as- 
sumptions are made, and it is important to know how nearly these assumptions 
conform with the actual behavior of the structure, as proved by reliable tests. 

The authors’ comparison between the results of the tests and conventional 
methods of analysis shows that a fair conformity may be obtained. The ob- 
served horizontal reactions differ slightly from the computed values, considering 
the influence of shear on deformation; but the computed center moments and 
deflections are as much as 10% less than observed values—a fact affecting, 
seriously, the design of the structure and its safety. 

The writer has analyzed, completely, both types of hinged frames subjected 
to investigation, using the ‘‘ellipse-of-elasticity’’ method, and has found a very 
good conformity with the results of the tests. The method is essentially 
graphical. Better accuracy may be obtained by expressing the constants of 
the ellipse of elasticity by algebraic values. Generally, the method requires 
some knowledge of geometry (especially projective geometry), but the analysis 
is greatly simplified in cases where the change of moment of inertia can be 
expressed by algebraic terms permitting the use of tabular values. Three of 
the most common of such cases are demonstrated in Fig. 33. 

Eqs. 1 and 2 are correct as long as the sections As are very small so that the 
elastic centroid of the section may be properly assumed as coinciding with the 
geometrical center of gravity. For sections in Fig. 33 (relatively long with 
respect to the change of the depth of the structural part) the elastic centroid 
approaches considerably nearer to the smaller cross section. It affects the 


5 ‘ As F 
elastic weight EI and other elastic constants of the section considered, such as 


semi-axes of ellipse of elasticity, angular rotations, and respective centers of 
elastic rotations. 

In Fig. 33, let: s = distance between elastic centroid S and face B ;@ = the 
elastic weight of the element A B, concentrated at elastic centroid S ; and 
d = the distance between center of rotation (produced by a force F acting along 
the face B) and face B. Then the following equations express the elastic 


7 Research Associate, Univ. of California, Berkeley, Calif. 
7 Received by the Secretary March 17, 1941. 
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deformations of the face B with respect to the face A due to pure bending:'8 
Angular rotation— 


Ta 8 ORG SGD ie eS ee a ed (7) 
Displacement along the line of action of the force F— 
: AN PEST yiNeA9 STE 17 MORO sat ere ee aes n (8) 


Moment of inertia of elastic 
weight with respect to the 
face B— 


Square of longitudinal semi-axis 
of ellipse of elasticity— 


ri? = (d —s)s....(10) 


Considering the effect of 
shear on deformation, Eq. 9 be- 
comes (see Fig. 33)— 


Ig! = 


As 
if E re eed | dG. (11) 
0 


in which: S is the modulus of 
elasticity in shear; re’ is the 
radius of gyration of an element 
ds; and k is a numerical constant 
depending on the cross-sectional 
shape of the member (section). 
For prismatic members the value 


of k is? ; and for I-shaped mem- 


bers it is approximately oe in 


CLLLLLL. 


which A is the full cross-sec- 
tional area and A’ is the cross 
section of the web. 

The elastic constants of sec- 
tions having the shapes shown 
in Fig. 33 are computed as 
follows:!° 
Straight line— 


LL 


Ss 


CLL 


rors lth 
( ae Cc)? ar False) Ale ina “et ah iey 0: Serch 6) fof sb) gh, a] atte 


G=Ge5 


18 ‘Graphical Analysis of Framed Structures on the Basis of Ellipse of Elasticity,” by Jaroslav Polivka: 
Soc. of Eng. Students, Institute of ceology Prague, 1919;'also, ‘‘Kontinuierlicher Bogentraeger auf 
elastisch nachgiebigen Stuetzen,” by Jaroslav Polivka, Der Brueckenbau, 1920, Vols. 4, 5, and 6. 

19 ‘Graphical Methods of Analyzing Statically Indeterminate Structures,’’ mimeographed lectures by 
Jaroslav Polivka, Berkeley, Calif., 1940 and 1941. 
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in which Jz is the moment of inertia of cross section at B; and, 


a TRE ek. ie 12b) 
Gz = Bip ( 
_ 31a . -(12¢) 
= ae ( 
gurhge > mt ot. Soe (12d) 
re 
d = A [2log. (1 + C) (1+ C= C@+3C)]......... (20) 
and are 
As? 
Gad = Gy At | toga + 0) — One | aie ds) abies Be (12f) 
Eq. 12d is determined exactly by the intersection of diagonals. 
Parabolic— 
SiGe oes Cree | 13 
q = | BER + Fare tan VO NPS RE Aeon [( a) 
2+C 
= FG ct cee eee es 1 
Gs Costa oe 5 eds (130) 
and 
_ GgAs | C-1 1 
Ged = 3 | econ + gigare tan VO 5 eee (18¢) 
Sharply curved— ’ 
Gage EO Gee (14a) 
in which . 
ee 
b= | eee (146) 
bi 1+25b 
s = As 3 (1b) oe eae (14c) 
and ae 
Ls 
Goa ne othe aa iets Gskk is i ae ae (14d) 


Elastic constants for these three shapes are compiled in tables.2° For 
example, using the tabulated values p, g, and w:? 


G= (p =F q) Gal a Saye (15) 
ee ee 
— an a bts) rvaanct cic arate 2 ae (16) 
and 
= Crd) ABs oo aie a ick te (17) 


20 Discussion by Walter Ruppel, Assoc. M. Am. Soe. C. E., of ‘Moments in Restrained and Continuous 
Beams by the Method of Conjugate Points,’ by L. H. Nishkian and D. B. Steinman, Members, Am. Soc 
C. E., Transactions, Am. Soc. C. E., Vol. 90 (1927), pp. 167-187. 
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These formulas are valid for each shape shown in Fig. 33. Only the values 
of d are affected by shear. Considering the shear, the moments of inertia 
of the elastic weight with respect to face B are Ig’ = Ig + Ig’, in which 
the values of Ig’’ (due to shear) are given by. the following equations (in which 


(72)? — BY: 
Straight line— 


Ig’ = be X< GOR XX eae ‘ & GRR oe eA Te (18a) 
Parabolic— 
E 1 = 
lege a s x (r9’)? x Py an tan Vv (GC Gp Lo Oo Gas Cite O ohn (186) 
Sharply curved— 
hina ce - 3 il a2. ane 
Ig = ih s x ("2 12 x 4 x oye d Vb) Gs aioureewauiee tes (18c) 


The framed structure is divided into sections allowing the application of ° 
the foregoing formulas (Fig. 34). The redundant horizontal reaction is com- 


Parabola 


Fig. 34 


puted by that one of the following methods of analysis, based on the principles 
of the ellipse of elasticity, which appears most suitable for a given case: 

(1) Compute the angular rotation (6) for a simply supported beam A B 
due to the given loading, and its center Dy (Fig. 35(a)). The horizontal 
reaction is then 


_ (@)u _ du 19 
Fe eS a es Oe (19) 


in which G is the total elastic weight of the framed structure concentrated at 
the elastic centroid S; sy is the lever arm of the elastic weight G with respect 
to the line of action of the force H (passing through hinges C and D); dz is 
the perpendicular distance between the center of rotation Dy of the force H 
and the line C D, Dz being the antipole of C D with respect to the ellipse of 
elasticity of the whole structure; and dy is the perpendicular distance between 
the center of rotation Dy of a simply supported beam A B due to the given 


loading. 
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(2) Consider A B as fixed at A and B (Fig. 35(b)), and compute the angular 
rotations of the columns at A and B due to unit moment. These angular 


rotations define and determine the elastic weights G4 and Gp of supports A 
and B. Combine the elastic weights of the supports with the elastic weight 


Go of the beam A B and determine the end moments Ma, and Mz of the re- © 


strained beam. 


Daw 

SB 

Moment Di 4 a EE 

oment Diagram x 

For Simply —_ A LTT ss iz 
Supported Girder 7s 


Att) n 
[a 


(Nol Vj gt OU 


oy 


Ordinates of 
Curve of Deflection 


Fie. 35 


(3) Determine the deflection Ary at the point of application of the force F 
and the displacement Ay along C D due to a force H = 1. From the basic 


principle of reciprocity of deformations, the magnitude of the horizontal 
reaction is found to be: 


(4) When the loading consists of a group of concentrated forces, or of 
uniformly distributed weights, it is preferable to draw the deflection curve due 


to H = 1, acting along C' D, with the pole distance ZAG y, which is the influence 
line of the redundant force H (Fig. 35(c)): 
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in which dq has the same significance as in Fig. 35(a). As far as the stress 
distribution within the knee of the investigated frames is concerned, the results 
reported by the authors were compared with photoelastic tests, at the Uni- 


versity of California,# relating to stress concentrations at sharp reentrant 
angles and curved fillets. 


Conclusiton.—The tests reported in this paper are checked very closely by 
the analysis outlined herein. 


21 “Some Stress Relationships in Photoelasticity,” by J. J. Polivka and H. D. Eberhart, Assoc. M. 
Am. ‘Soc. C. E., Proceedings of the Tenth Semi-Annual Eastern Photoelasticity Conference, Cambridge, 
1939; also ‘‘A New Method of Determination of Separate Stresses from Photoelastic Results on the Basis 


of First Derivatives of Airy’s Function,” paper presented by J. J. Polivka before California-Stanford Semi- 
nar, March 6, 1940. 
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EXPERIENCES IN OPERATING A CHEMICAL- 
MECHANICAL SEWAGE TREATMENT PLANT 


Discussion 


By FREDERIC BAss, M. AM. Soc. C. E. 


Freperic Bass,? M. Am. Soc. C. E. (by letter).”—The Minneapolis-St. 
Paul sewage disposal plant was located and designed after a preliminary study 
extending over a period of seven years, from 1927 to 1934. During this period 
the science and art of sewage disposal was rapidly advancing, and the design 
ultimately adopted embodied a number of features not previously available. 
Perhaps the most notable characteristic of the design is its flexibility, which 
enables it to function with economy under the varying conditions of flow in 
the Mississippi River. Among other features which, at the time of design, 
were considered by some engineers as innovations, but which were included, 
after careful observation and study, were the unusual length of the sedimenta- 
tion tanks, the elimination of sludge digestion, and the incineration of filtered 
sludge. The performances and costs of operation, presented in the paper, 
appear to justify the many studies made by the author. 

Although conclusions from the limited period of operation covered by the 
author must be regarded as tentative, they unmistakably hold special interest 
for all sanitary engineers. For the purposes of this discussion the author has 
made available to the writer certain operating data obtained later than April 
30, 19389. The records previous to January 1, 1939, because of the usual 
process of adjustment in a new plant, probably do not represent normal aver- 
ages of performance and cost as closely as do the subsequent records. Table 
15 contains statistics of operation for the year 1940. 

The quantity of sewage was somewhat less than expected, the strength 
expressed in B.O.D. was approximately equal to that expected, but the sus- 
pended solids (perhaps because of changing industrial conditions and effect of 
surface runoff) were more than 50% greater than the expected amounts. This 
heavy load fortunately was offset by the unusually high removal of suspended 
solids in the sedimentation tanks. In these tanks (290 ft long with unusually 


Bs fe Re pape hes cores 5 poo! Assoc. Me Am. Soc. C. E., was published in January, 
| ceedings. scussion on this paper has a: in P: i f 
Messrs. F. C. Roberts, Jr., and Rolf Eo aee Posated, in Eroceedings, 90 tollows Merch ae 
7 Cons. Engr.; Head, Dept. of Civ. Eng., Univ. of Minnesota, Minneapolis, Minn. 
7a Received by the Secretary March 3, 1941. 
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long overflow weirs) the average removal of 71.1% (detention period 1.5 hr) of 
suspended solids, which itself is greater than the performance of most plants, 
has been raised under average conditions over a period of several weeks to 
approximately 80% by the use of air flocculation at the trifling cost of 6 cents 


TABLE 15.—Oprratine Data From January 1, 1940, 
TO DrcEMBER 31, 1940 


MontHiy 
Lien Expected 
Item Description at time 
Maxi- | Mini- | Aver- | of design 
mum mum age 
pene! Nase e eee 
al LDA R OSM Os¥20)) A Bea a tae oc eee eat Oe ge 113.87 90.16 104.17 122 
Sewage Strength (ppm): } 
2 Huspenged Solids dtansereiskote ates oe ae Sankyo, eee 345 245 300 185 
3 B.O.D Sele Pateneh ners e oA asta toner tay ice tak Meh oy aetoaiie <eliclate cedex tues 240 160 210 200 
4 | Screenings (cu ft per million gal).................... 1.96 0.78 1.06 3.1 
SE iaGriba Gu dteper mil lionigeal) seit. cieeiksimeate yess ooelen 9.3 ay! 6.2 4.1 
Total Removal in Plant (%): 
6 puspendedisolidsine aitat eee en asccu acm tac. woes 83.5 64.0 77.2 56 
i Setileable solids tne tat Geet shoe oa eae ae 96.5 84.1 91.5 
8 ARS OSB aco pa aaue ctl Se ban Crntn | CEA SAUER nls eee 53.0 35.4 43.2 36 
9 | Filter cake produced (tons), average daily............ 340.2 264.7 308.3 235 
LORE @ ak es Olsbure nos le. a.sertc-osccois so Touotalaia a ovelnieshranevels veces 68.1 61.1 64.8 68 
PieeCakervOolaytiies (2)o 6 sce tes cds tee os She ce he eee 68.6 51.4 59.8 55 
enieAshutromi sludge: (GOnS) siyseeyere old ah ore «ok oatoiere Snes os 1,760 820 1,275 
Sludge Conditioning Chemicals (%): 
13 MEIC ichLoricle Meets fete ay Nek iets. « Petes lao i ee 2.32 1.59 1.83 3.0 
14 LATTA) ig) Meee CPE AUER Cy ENO Sear Pee Ee pe 6.53 3.53 4.51 10.0 


per million gal treated. The expected 56% removal of 185 ppm would have 
left 81 ppm in the effluent, whereas the actual performance of 80% removal of 
300 ppm has left only 60 ppm in the effluent. 

The B.O.D. removal was boosted by flocculation as well as by removal of 
suspended solids, the author’s figures showing 49.8% with flocculation as 
against 44.2% without flocculation. The total capacity for removals of sus- 
pended solids and B.O.D. with the use of chemical precipitation will be awaited 
with much interest. From the performance of the plant already given, the 
maximum removals as expected by the author, in the tabulation preceding the 
heading ‘‘Plant Operation: Screen and Grit Removal,” appear to be readily 
obtainable. The bacteriological results from the use of chlorine, although of 
short duration, are interesting. 

The conclusions from this phase of the operation seem to extend the useful- 
ness of this type of flexible plant design to many situations where a variable 
river flow exists. For such conditions, a careful study of quantity and quality 
of both river and sewage may result in economy of both first cost and operation. 

The sludge disposal department of the plant appears to have been as suc- 
cessful as the sewage treatment department. Drawing sludge frequently from 
the sedimentation tanks to the concentration tanks and stopping withdrawal 
with thinning sludge have resulted in a heavier sludge. A quantity of sludge 
35% higher than expected, offset by higher heat value, less moisture, higher 
volatiles, and unusually close control of sludge conditioning and filter operation, 
has led to a lower over-all cost of sludge disposal than was estimated. It is 
remarkable that practically no oil fuel ‘is necessary. The costs given by the 


author compel attention. 
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The improvement of the river above the plant is very satisfactory in ap- 
pearance, as the analytical results indicate. Improvement of conditions in 
the river below the plant can be appraised only after the installations of treat- 
ment plants for the large packing plants located there. 

Supplementary data on cost supplied by the author permit the summary 
in Table 16 for the 12-month period ending December 31, 1940: 


TABLE 16.—Cost or OPERATION AND MAINTENANCE, 
January 1, 1940, To DecemBER 31, 1940 


Item Description Operation fee Total Peneer 
1 Administration, engineering laboratory....| $74,637.24 $1,326.01 $75,963.25 25.6 
2 Bed <acttondeatnt SEAS Se tae Ms ce is Oke ae OB a ee 43,843.65 8,917.08 52,760.73 17.8 
3 Sludge disposal s/t. sms. cc dea tec aegis mlereete 112,580.62 18,218.60 130,799.22 44.1 
4 Wiarellaneous) i Ge dc stele Sete os lew reteiaese 33,508.90 3,376.68 36,885.58 12.5 
FP ET a ae ee ee $264,570.41 | $31,838.37 | $296,408.78 | 100.0 


In this period a total of 38,038 million gal of sewage was treated at a cost 
of $7.80 per million gal for all operating and maintenance items. During this 
period the magnetite filters have not been in full operation and chemical pre- 
cipitation has not been used. Consequently, over a sequence of years, which 
includes a considerable proportion of drought when all facilities of treatment 
are used, the costs may be somewhat higher. It might be concluded that the 
cost of administration, engineering, and laboratory, at about 25% of the total 
cost of operation and maintenance, is unduly high, but it is probable that every 
dollar thus spent is reflected in much greater savings in the other items. 

It has been a pleasure to examine the detailed records of performance and 
accompanying cost data available in the office of the author. It will be a 
great public benefit when all sewage works are as carefully and economically 
managed as the one in Minneapolis and St. Paul; plant operators will be stimu- 
lated to greater interest when comparative figures are made available. These 
cities are indeed fortunate in having conceived and built a plant so well fitted 
to the existing conditions and so effectively and economically operated. 

The emphasis in this paper upon performance, and particularly upon costs, 
deserves more than passing notice at this time. A sewage treatment plant is 
but one of the agencies of the promotion of health and cleanliness of a com- 
munity; there are others of perhaps even greater importance, which need con- 
sideration and call for the expenditure of public funds. Since public financial 
resources are limited, the analysis of costs and relative value of various public 
works is an important duty resting upon engineers who are becoming increas- 
ingly responsible for the conservation of national resources. 
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Discussion 


By MEssrs. JAY DOWNER, AND WILLIAM J. WILGUS 


Jay Downer, M. Am. Soc. C. E. (by letter).*°*—All those who have been 
concerned with the development of Westchester County are enthusiastic 
in their appreciation of the important influence of the Grand Central Terminal 
on the growth and character of the suburban territory to the north of New 
York City. It has been recognized that in all respects this terminal is the 
best in the country, and its convenience as compared with other large stations 
has been particularly appreciated. Colonel Wilgus has presented a compre- 
hensive and readable account of the inception and execution of this great under- 
taking, which eventuated from the foresight and ability displayed by him and 
his associates. 

Without in any way detracting from the importance of this improvement, 
some exception may be taken to the assumption of full credit for the in- 
crease in assessed valuations in Weschester County, which rose from about 
$172,000,000 in 1900 to $1,828,000,000 in 1932. During the construction of 
the Bronx River Parkway, valuations rose from $383,000,000 in 1913 to 
_ $786,000,000 in 1923, after which, and during the development of the more com- 
prehensive Westchester County Park System, the rise was accelerated to a 
high level of $1,828,715,000 in 1932. During these nine years the county, with 
some aid from the state, had expended upwards of $77,000,000 for its park 
and parkway system, which was in addition to the earlier Bronx River Im- 
provement costing about $17,000,000. In addition, trunk sewer systems and a 
county highway system helped to develop Westchester’s suburban area. 

Therefore, much as one may appreciate the fundamental importance and 
basic value of the Grand Central Terminal and the electrification of the three 
railroads leading through the county, one feels justified in asking the railroads 


Norz.—This paper by William J. Wilgus, Hon. M. Am. Soc. C. E., was published in October, 1940, 
Proceedings. Discussion on this paper has appeared in Proceedings, as follows: December, 1940, by Messrs. 
F. Lavis, B. R. Hill, Alonzo J. Hammond, and H. L. Ripley; January, 1941, by Messrs. A. J. Meehan, 
and J. P. Hallihan; February, 1941, by Messrs. Arthur V. Sheridan, and C. E. Smith; and March, 1941, 


by Messrs. Harold M. Lewis, and Bion J. Arnold. 
33 Cons. Engr., New York, N. Y. 
33a Received by the Secretary March 28, 1941. 
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to share with the far-flung parkway, trunk sewer, and highway systems some of 
the credit for the increase in values that were notably accelerated during 
the construction of these county improvements. At one period those who 
were instrumental in promoting the County Park System claimed credit 
for 75% of this increase. In Colonel Wilgus’ paper it is assumed that the 
railroads may be credited with 100%. Each major improvement was Te- 
sponsible in greater or lesser degree for the phenomenal rise in values, and it 
would be impossible to apportion the credit accurately. Perhaps there is 
credit enough for all. Certainly the Grand Central Terminal and the elec- 
trification of the railroads contributed magnificently to the amenities of life in 
Westchester. 


Wituram J. Wiucus,** Hon. M. Am. Soc. C. E. (by letter).*4*—In this 
closure to his four-dimensional paper, in which the “element” of time has 
played a part, the writer first would express his deep sense of appreciation to 
the Society in general for having given it a place in its publications, and in 
particular to those of his fellow members whose scholarly contributions have 
given to it life and color. Thus has the product of the spirit, brain and brawn 
of many distinguished men and their aides in engineering, architecture, con- 
tracting, law, finance, operation, and administration been given ‘“‘its day 
in court.” 

Both Mr. Hammond and Colonel Arnold point to the example set by the 
Grand Central Terminal in the utilization of ‘air rights’ under somewhat 
similar circumstances at Chicago and, as Colonel Arnold states, at Cleveland. 
In this connection it should be remarked that the first plan of the Grand Central 
Terminal showing a lofty station building and adjoining hotel was not that of 
Mr. Reed, as thought by Colonel Arnold, but that of Samuel Huckel, Jr., who 
prepared such a study to illustrate the writer’s plan for the improvement based 
on the “‘air rights’ idea submitted to Mr. Newman, President of the railroad, 
on December 22, 1902. Mr. Reed’s brilliant conception of the Court of Honor 
and circumferential driveways came some months later, and brought to his 
firm its engagement as architects for the station building and later for the 
hotel. This has been explained and illustrated in some detail in the complete 
manuscript.24 

It is indeed to be regretted, as expressed by Major Hallihan and Mr. 
Sheridan, that the Court of Honor in its original form was eliminated from the 
final plans. Had it been permitted to remain, the community would have 
profited from a separation of street grades all the way north to 49th Street, 
and from the obvious advantages of a plaza of majestic proportions such as are 
found in similar situations in Europe. It is not too much to believe that 
give-and-take negotiations between the city authorities and the railroad might 
have resulted in a just division of the financial burden and thus have made 
possible the retention of the Court-of-Honor plan. 

4 Weathersfield, Ascutney P.O., Vt. 

34a Received by the Secretary March 18, 1941. 


21 Copies of the manuscript in full have been filed for reference at E ineering Societies Lib 
Wate od New York, N. Y., at the New York Public Library, and an the Goncrancrat Labrare? 
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Mr. Smith refers to the mezzanine which, if installed at the Grand Central 
Terminal between street level and track platform level, would have added very 
materially to the convenience of passengers. Undoubtedly this is true were it 
practicable to bring it about, but unfortunately this would have required 


the raising of street levels and the lowering of track levels which were not 
permissible. 


Fie. 18.—Fururs GrRanp CENTRAL TERMINAL (IF AND WuEN a HicH Buripine Is AppED 
SURROUNDING THE CONCOURSE) 


Mr. Hammond refers to the wisdom of providing separate platforms for the 
handling of passengers and baggage. Unfortunately, as in the case of the 
mezzanine, this was not possible at the Grand Central Terminal because of 
physical limitations. Studies were made for baggage platforms equipped with 
mechanical conveyers between the running tracks; but this required the ob- 
jectionable transfer of the building columns to the middle of the passenger 
platforms and the lessening in number or narrowing of the latter within the 
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inexpansible width of the terminal area. It was a matter of great regret to the 
writer that separate means for handling baggage could not be devised without 
an inadmissible sacrifice of passenger platform space. Mr. Hammond also 
mentions the happy effect of sunlight streaming through gable windows upon 
crowds of passengers assembled in the station concourse. It is to be expected 
that if and when the lofty building is added to the structure, as illustrated in 
Fig. 18, pains will be taken not to destroy this feature. 

Mr. Meehan points to dangers incident to the two right-angled turns in 
each direction where the circumferential elevated driveways come together 
at 42d Street. It would be wise indeed to give earnest thought to his suggested 
remedy. When the structure was built the planners did not sufficiently visual- 
ize the speed and volume of street traffic that were to come in later years. 

In respect to the change of motive power at the terminal and on its ap- 
proaches, Mr. Smith considers that ‘If the New York Central Railroad were 
adopting a system of electrification today, it is doubtful if it would adopt its 
present system of third-rail, 600-volt direct current.” Unquestionably his 
company, the New Haven, and the other roads he mentions, have, in the high 
tension alternating current system, an admirable one for their conditions as 
proved by the passage of time. His road is indeed to be congratulated on 
having led the way; but conditions on the New York Central were not of the 
same order. As is said by Colonel Arnold, at the time when the problem of 
changing its motive power from steam to electricity arose, there was “no 
electrification approaching the magnitude of this one.’”’? In the words of Mr. 
Hill, “‘electric traction was still in its formative stage.’’? On top of this de- 
parture from precedent went the need, referred to by Messrs. Lavis, Hill, and 
Ripley, of keeping traffic moving—without delay or serious inconvenience to 
the public—at the terminal itself, where hundreds of steam-operated trains 
daily had to be kept moving ‘‘on time,” coupled with innumerable horizontal 


and vertical changes of position of the tracks during two-level, underneath and 


overhead construction. This condition, if for no other reason, barred the use 
of exposed high tension wires supported from poles, as did the narrow clearance 
of only one inch above the top of steam locomotive smoke-stacks in the Park 
Avenue tunnel bar the use of high tension working conductors suspended from 
its roof. Apart from these physical obstacles there was the legal obstacle to 
the erection of pole-supported wires on the Park Avenue Viaduct and elsewhere 
within the city limits. Along with these prohibitory conditions went the state 
of the art which led the members of the Electric Traction Commission unani- 
mously to decide that in recommending so revolutionary a change of motive 
power affecting the safety and reliability of a vast number of through and 
suburban train movements, they should adhere to what was then deemed to 


_be least experimental. The adopted system, so far as the writer knows, has 


worked successfully since the running of the first electric train on September 30, 
1906. Were the work to be done over again, and under present-day conditions, 
it is very possible, and even probable, that the New Haven method would 
receive serious consideration. The physical obstacles to its adoption in the 


first decade of the century have disappeared and perhaps those of a legal nature 
could be removed. 
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Mr. Smith gives some very interesting data showing the let-up in the rate 
of increase in his company’s number of passengers entering and leaving New 
York City during and immediately following the depression from 1907 to 1915. 
With continued steam operation after 1907 it would have been impossible to 
have won much, if any, increase. The old Grand Central Station yard had 
reached the limit of its capacity, and the terrors of the smoke- and gas-infested 
Park Avenue tunnel had their deadening effect on further growth of West- 
chester County suburban communities. That the electrification, in the long 
run, did promote a marked upward trend in the traffic of both roads using the 
terminal is shown by the tabulated data in the paper. 

As to planning for coming years, Mr. Hill very wisely asks who will say 
what the future holds? But is not all life a gamble? No one knows what the 
morrow may bring forth; and yet one may prophesy as best he can from day to 
day in preparation for what he believes may occur. Mr. Smith points to the 
decrease of some 20% in number of passengers handled at the terminal between 
1930 and 1939 as indicating no need for material enlargement in its capacity 
and none for an auxiliary terminal at 149th Street in the Bronx (Mott Haven). 
As an auxiliary the writer agrees that, no doubt, a Mott Haven terminal is 
unnecessary; but with Mr. Sheridan and Mr. Lewis he considers it to be highly 
necessary to the community it would serve numbering a million and a half 
people. It would not only there afford a meeting place for rail, highway, and 
air carriers to and from nearby and distant regions, but also, in the improve- 
ment of the great Mott Haven open yard (now a deterrent to the progress of 
that community), it would do for the Bronx what the Grand Central Terminal 
has done for mid-Manhattan. 

Mr. Sheridan and Mr. Lewis offer differing suggestions for an improved 
Park Avenue north of 96th Street and extending to the site of the proposed 
Bronx Terminal at 149th Street and beyond. It would seem clearly evident 
that the one of these to be approved by public authority, including the ‘‘grand- 
centralizing’ of the Mott Haven yard, should have its details developed in 
full for immediate use when the United States again will be forced to make a 
frantic search, as in 1933, for worthy projects on which to engage its idle men, 
machinery, and materials otherwise going to waste. 

Messrs. Downer and Lavis question if the building up of Westchester County 
can be attributed to the terminal improvement and electrification of its ap- 
proaches to the extent indicated in the paper. In this they are joined by Mr. 
Sheridan, and as well by Mr. Smith, in respect of both the Grand Central Zone 
and the region north of New York City. The writer now realizes that he did 
not make sufficiently clear that, in designating the improvements in question 
as the “primary cause” of the increase in assessments, the “impulse” that 
started things going, the “spark’’ that started a train of events, he failed to 
dwell as he should on what followed, such as the erection of magnificent struc- 
tures between Madison and Lexington avenues from 42d Street to 96th Street, 
and the initiation and creation of the remarkable parkway system and accom- 
panying high-class residential development in Westchester County. The 
thought he intended to convey was that the beginning in these respects—and 
there always has to be a first cause—laid in the enterprise he has attempted to 
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describe, very much as the child is looked upon as the father of the man, the 
acorn as the oak’s beginning, and the Erie Canal as the greatest single factor 
in bringing to the State and City of New York their preeminence in the nation 
during the first half of the nineteenth century. If in this he is deemed to have 
gone too far, it is, he hopes, not to be taken as a lack of attachment to the 
cause of truth. 

The writer intended to establish the claim that the transformation in ques- 
tion eliminated deterrents to developments that followed. The limitations of 
the Grand Central Station on further train service, the dreadful dangers and 
discomforts of the Park Avenue tunnel, the dirt and noise of steam-operated 
trains, the hazards of grade crossings and the occupancy of city streets in such 
important communities as Mount Vernon, White Plains, and Yonkers—all 
these disappeared with the changes made financially feasible by the utilization 
of air rights which, until then, had been fallow. 

Then came the realizations that Park Avenue could be made a fashionable 
thoroughfare of the first order and Westchester County a fruitful field for 
parks and parkways having no peer. 

In conclusion the writer would indulge himself in a renewal of his thanks to 
his fellow members who have so generously and enlighteningly given of them- 
selves in the discussion, and also to those who will have paid him the compli- 
ment of reading through this record to the end. 
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Discussion 


BY JOEL Ds JUSTIN, M. AM. Soc..C. E. 


Jozet D. Justin," M. Am. Soc. C. E. (by letter).“*—There is only one 
good thing about a slide such as occurred at Fort Peck. If it is thoroughly 
investigated and studied, the engineering profession is thereby better equipped 
to prevent similar slides in the future. Therefore, Mr. Middlebrooks’ paper 
is worthy of careful study by all engineers interested in the design and con- 
struction of earth dams. It should help to clear away the misconceptions of 
many engineers who have not had the opportunity to study the investigation 
that followed. Thus, one engineer recently told the writer that he was opposed 
to using a hydraulic-fill dam at a certain location because hydraulic-fill dams 
had a habit of sliding upstream! 

The investigation of the Fort Peck Slide was undoubtedly the most thorough 
and extensive that has been made in connection with any earth-dam slide 
during construction. The importance and size of the structure and the 
investment involved justified the extent to which’ the investigation was carried. 
Any one who takes the trouble to study the complete record of the investi- 
gations” thoroughly will reach the conclusion that the cause of the slide was 
insufficient shear strength in the foundation to resist the stresses imposed by 
the dam as originally designed at the section where failure occurred. 

The main dam is approximately 10,000 ft long, but the slide was limited 
to the upstream part of the dam, approximately between stations 4 and 30. 
The investigation gave no indication that the foundation under the downstream 
part of the dam between stations 4 and 30 was any better than the foundation 
under the upstream part of the dam in this section, but there was no movement 
in the downstream part of the dam at any point. In this connection, it is 
significant to note that, whereas the average upstream slope in the section 
where the slide took place averaged 1 on 4, the slope of the downstream face 
in the same section averaged 1 on 8.5. It is also significant that immediately 


—Thi . A. Middlebrooks, Assoc. M. Am. Soc. C. E., was published in December, 
erg Ditonsion ante paper has appeared in Proceedings, as follows: March, 1941, by 
Jacob Feld, M. Am. Soc. C. E. 

11 Cons. Engr., Philadelphia, Pa. 

ila Received by the Secretary March 6, 1941. 

12 See ‘Report on the Slide of a Portion of the Upstream Face of the Fort Peck Dam,” Corps of Engi- 
neers, U. 8S. Army, July, 1939. 
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north of the slide area there was an extensive upstream berm at El. 2,112 
extending from Station 30 to Station 75 (see Fig. 13). 

The flatter downstream slope resulted in lower intensity of shear stress 
both in the foundation and at the base of the dam. Similarly on the upstream 
side, the berm north of Station 30 resulted in lower intensity of shear stress 
in the foundation just north of Station 30, where there was no movement, 
than in the foundation just to the south of Station 30 where the slide took place. 

Thus from the foregoing it is evident that at the section where the slide 
took place, not only was the foundation weaker, as shown by Mr. Middlebrooks, 
but also the unit shearing stresses in the foundation were higher than in the 
adjoining section. 

As a result of the investigations and studies conducted after the slide, 
and in accordance with the decisions of the Board of Consultants appointed 
for the purpose, the design was modified and the sections shown in Fig. 14 
were adopted and executed for the reconstruction.” 

Hydraulic-fill methods were used in placing the larger part of the additional 
shell material within the slide area and also for the extensive additional up- 
stream berm throughout the remainder of the dam. The new core (which 
was a highly impervious glacial till from the north abutment) and the topping 
off of the dam, were constructed by rolled-fill methods. The upper part of the 
downstream face was steepened to 1 on 4, as indicated in Fig. 14, and the 
material thus salvaged was used in topping off the shell. 

In effect, the slide provided a life-sized laboratory test for determining 
the shear resistance of the foundation. Consequently, the determination of 
the factor of safety for the redesigned section may be accepted with considerable 
confidence. 


————— 
my enwiGAN SOCIETY OR CIVIL ENGINEERS 
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RECOMMENDED PRACTICE 
AND STANDARD SPECIFICATIONS FOR 
CONCRETE AND REINFORCED CONCRETE 


Discussion 


By Messrs. HAROLD E. WESSMAN, N. T. STADTFELD, C. A. ELLIS, 
R. H. SHERLOCK, S. C. HOLLISTER, THOMAS K. A. HENDRICK, 
MorrIs BERMAN, F. R. MCMILLAN, AND 
MEYER HIRSCHTHAL 


Haroup E. Wessman,®® M. Am. Soc. C. E. (by letter).5®*—The framers of 
any code of specifications have a rather difficult task in allowing enough 
latitude for the exercise of judgment on the part of an engineering designer, 
and at the same time providing enough specific information to avoid needless 
controversy in checking designs—in other words, in discussions between city 
building departments and designers. 

The Joint Committee Specifications and Recommendations are an excellent 
piece of work in this respect. They allow latitude for judgment, but at the 
same time provide explicit rules that in general are much better expressed than 
preceding specifications. The development of new knowledge, of course, may 
result in changing these rules in the future, even as the requirements of earlier 
codes have been changed. In fact, probably the chief function, now, of the 
code committees of the various constituent organizations subscribing to the 
1940 Joint Code is that of a continued critical study of these rules in the light 
of new research. 

It seems likely that several city building codes could stand complete revi- 
sion—a complete rephrasing—in the light of the Joint Committee Report. 
Although it is realized that procedures of amendment and change are slow, 
nevertheless it is to be hoped that the Report will be taken very seriously by 
specification writers in the future. 


Nors.—This Report was published in June, 1940, Proceedings, Part 2. Discussion on this Report 
has appeared in Proceedings, as follows: September, 1940, by L. J. Mensch, M. Am. Soc. C. E.; November, 
1940, by Messrs. John C. Sprague, and Walter R. Hnot; December, 1940, by Edward C. Gould, Assoc. 
M. Am. Soe. C. E.; February, 1941, by O. G. Julian, M. Am. Soc. C. E.; and March, 1941, by Jacob Feld, 
M. Am. Soc. C. E. 

58 Chairman, Pept. of Civ. Eng., Prof., Structural Eng., Coll. of Eng., New York Univ., New York, 


58a Received by the Secretary March 13, 1941. 
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N. T. Sraptrezp,®® M. Am. Soc. C. E. (by letter).***—The “history” of 
the materials used in concrete that was included in the specifications is ex- 
tremely important in appraising the Joint Report. The writer will confine his 
remarks to portland cement, although there is much that could be said about 
the history of the aggregates. The New York City Board of Water Supply 
(BWS8), under its Specifications, inspected, tested, and shipped more than 
3,000,000 bbl of cement since 1937 with the result that there are in existence 
thousands of kiln temperature charts and kiln rotation charts. On these 
records, again and again, occurs the notation, “Clinker discarded; not to be 
used for B.W.S. cement”; and each such notation may represent one hour of 
burning, ten hours of burning, or even two days of burning! For BWS work 
an improperly burned clinker is rejected; but as a cement plant never discards 
any clinker (being supposedly 100% efficient) one may wonder who buys the 
cement made from clinker rejected by BWS. It is the individuals, munici- 
palities, state and federal agencies, because they ask no questions about the 
history of portland cement! They simply accept cement on the basis of a few 
laboratory tests that are in themselves no indication of durability. 

Engineers worry considerably about the grading of the aggregates, the 
proper water-cement ratio, and strength to be obtained; and after laboratory 
tests and computations, they give the result the “high-falutin’” name of 
“‘concrete-mix design.’”? Then they make changes in the field to obtain a good 
looking and workable concrete. By setting a cement factor, not cut down to 
the last thimbleful, but generous in the allowance for field difficulties, and by 
proportioning properly graded aggregates to obtain workability, the resultant 
mix is certain to be satisfactory in every respect. But all this is in vain, if no 
history of the materials is available, and especially that of the portland cement. 

It can no longer be denied that concrete structures are going to pieces— 
for various reasons. ‘True, many are standing up well; but many are not, as 
testified by the recent.trouble in California,®° and by experience at Parker Dam 
where the superstructure is cracking due to expansion. 

In the California investigation it was found that the disintegration occurred 
only where a certain aggregate had been used—and only in those cases where 
this aggregate had been used with cements high in alkalis. In other words, 
it was determined that portland cement low in alkalis (the alkalis being the 
oxides or hydroxides of sodium and potassium) would stand up with this 
aggregate; but that concrete made with that aggregate and cement high in 
alkalis would go to pieces. This is a new development and of extreme im- 
portance. 

The late Thaddeus Merriman, M. Am. Soc. C. E., former chief engineer, 
and consulting engineer of the Board of Water Supply, was an investigator of 
portland cement for many years. It was Mr. Merriman who wrote the present 
BWS Specifications. He maintained that hundreds of thousands of dollars 
were spent on the investigation of portland cement—all done on samples sent 

59 Div. Engr., Board of Water Supply, New York, N. Y. 


592 Received by the Secretary March 14, 1941. 


60 “Expansion of Concrete Through Reaction Between Cement and A te,” 
Stanton, M. Am. Soc. C. E., Proceedings, Am. Soc. ©. E., December, 1940, p. 1781. si niccn 
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in to the laboratory, or selected by the laboratory—with absolutely nothing 
known about the history of the clinker and cement represented by the samples. 

Unless the engineer knows that the clinker was made at the proper tem- 
perature and left in the kilns for the proper length of time; unless he knows that 
the clinker was properly handled, and not left out in the rain for more than a 
year (as the writer has seen it); unless he knows how the flue dust was disposed 
of—whether it was discarded as it should have been in nearly all cases, or fed 
back to the raw mix, or even added to the finished product—unless he knows 
these facts about the cement he is buying or specifying, he knows very little 
about its essentials. The writer would like to have others enjoy the phe- 
nomenon of ‘‘no laitance”’ in concrete placed under the most difficult of cireum- 
stances. The fact should be brought to the attention of the engineering world 
that the history of a product is of the utmost importance. 


C. A. Exxis,* M. Am. Soc. C. E. (by letter).“!*—In comparing the old speci- 
fication for the permissible load on a column® with the new (see Section 851 
through Section 862), consider a column of, say, 13-in. diameter and a 10-in. 
core. Let the steel ratio be about 4%. The permissible load under the new 
specifications is found to be approximately twice the load formerly permitted. 
Not only is it stated as acceptable practice to include the 1.5 in. outside the core, 
but also to disregard the ratio n. It will take designers some time to become 
accustomed to that. In a few years it will become orthodox practice, accepted 
too casually, until some great disaster occurs in a concrete building to give the 
profession another jolt, and cause for further research. 


R. H. Suerptock,® M. Am. Soc. C. E. (by letter).**—It is suggested that 
the Committee describe, briefly, its attitude on allowable stresses in combined 
bending and direct stress, stating whether or not there was any rational basis 
for the formula in Section 861. The writer understands that this formula 
supplies merely a smooth transition from one stress value to another. 


S. C. Houuister,** M. Am. Soc. C. E. (by letter).“*—The division on 
two-way slabs (Sections 809 through 815) is presented in its present form 
for the first time. Its purpose is to reduce to convenient coeflicient-table 
form a member that is very difficult to design by the usual analytical processes. 
The basis of the coefficients in Table 5 (Section 812) is simply a combination 
of analytical results of a wide variety of pertinent cases and test data, based 
on theories presented by Dean Westergaard® in 1926. 

The panel under consideration is divided into conventional middle strips 
and column strips. The coefficients to determine positive and negative 


61 Prof., Structural Eng., Purdue Univ., West Lafayette, Ind. 

61¢ Received by the Secretary March 14, 1941. 

62 Proceedings, Am. Soc. C. E., October, 1924, Section G, p. 1208. 

63 Prof., Civ. Eng., Univ. of Michigan, Ann Arbor, Mich. 

63a Received by the Secretary March 14, 1941. 

64 Dean, College of Eng., Cornell Univ., Ithaca, N. Y. 

64a Received by the Secretary March 17, 1941. 

5‘‘Formulas for the Design of Rectangular Floor Slabs and Supporting Girders,” by H. M. Wester- 
gaard; Proceedings, American Concrete Institute, 1926, p. 26. 
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moments for these two strips are then read from Table 5. Ratios are given 
for long-span to short-span directions over a considerable range. Suggestions 
are presented for balancing the coefficient across a support if two adjacent 
values do not seem in harmony. 

One feature that is brought to the attention of the designer is the rein- 
forcement of the corners of panels, especially when such corners are built into 
masonry supports or rigid supports, such as walls. Experience confirms the 
analytical treatment, which indicates that bending moments actually exist in 
such corners, and that, if suitable reinforcement is not provided, cracks will 
certainly appear. 

The Report presents rules for determining the bending moments and shears 
for completing the remainder of the design. 


Tuomas K. A. Henpricx,®> Assoc. M. Am. C. E. (by letter).°°*—In the 
ever-recurring crossword puzzle on the quality of concrete, the Report of the 
Joint Committee this year—as in the past—has failed to include the modest 
seven-letter word, h-i-s-t-o-r-y. The history of what? The answer is the 
history of the manufacture of the cement. There is no one who would maintain 
that the quality of the cementitious materials has little effect on the quality 
of the concrete, for the cement and water form the glue that makes the entire 
mass tend toward being monolithic. 

The quality of the cement, moreover, is interlocked with the history of the 
cement. For instance, it is known that the speed of rotation of the rotary 
kiln, and the temperature gradient through which the ingredients of the 
cement pass, have a definite effect on the degree of burning of the clinker 
from which the cement is ground. Also, it is known that the use of water in 
cooling and grinding the clinker may have a deleterious effect on the later 
products of hydration. Furthermore, the manner of storing the clinker 
subsequent to its calcination has a functional relationship to the manner in 
which the resulting cement behaves later. 

By carefully kept records, the engineer should be able to know—not 
guess at—the actual record (history) of the speed of rotation of the kiln. 
The engineer then would be in a position to explain the variations in the 
speed of kiln rotation and the causes for such variations during the manu- 
facture of the cement. From the actual record (history), also, the engineer 
should be able to know the variations of the temperature gradients and the 
causes of such temperature variations during the formation of the clinker. 
How, where, under what conditions, and for how long a period of time of 
storage the clinker has been kept are pertinent items of specific information 
that should be available to the engineer at all times as an active historical 
record in the cement manufacture. 

Many engineers do not agree with each other on the merits of various tests, 
such as the sodium sulphate test which the Committee has suggested (Section 
209) for the accelerated soundness tests of aggregates, nor do they see eye to 
eye with each other on the sugar solubility test (not suggested by the Com- 
Se a a 


6 Asst. Engr. Designer, Board of Water Supply, New York, N. Y. 
68a Received by the Secretary March 17, 1941. 
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mittee) ; but it is safe to say that they do concur in the opinion that the engineer 
should be responsible for the quality of the concrete. 

F. R. McMillan, M. Am. Soc. C. E., has stated that the quality of the 
concrete is squarely up to the engineer. Of the ingredients required for 
concrete—namely, coarse aggregate, fine aggregate, water, and cement—the 
cement is the one that may be very fickle not only during its birth period but 
also during its later life. Lacking the pedigree of the cement, the engineer 
may be at a loss in accounting for its subsequent behavior. Important as the 
water-cement ratio is, important as physical and chemical tests are, these data 
by themselves, without the history of the cement manufacture, are insufficient 
for a correct diagnosis. Such phenomena, for example, as ‘‘aitance” cannot 
be explained without the history of the manufacture of the cement. Given a 
cement with a good birth certificate (accurately filled out and documented), 
together with a record of a healthy childhood and adult life period, then, with 
equal care on such matters of the other ingredients, one can confidently expect 
a healthy concrete, which the engineer wants to give his client. 

The statement ‘“‘the quality of the concrete is squarely up to the engineer”’ 
implies that the engineer knows the complete history of the coarse aggregate, 
the fine aggregate, the water, and the cement; and by complete history is 
meant all the pertinent facts which an engineer, in the exercise of diligence, 
care, and intelligence in the discharge of his responsibilities, would reasonably 
deem to be relevant, competent, material, and satisfactory. Therefore, in 
the interest of the science of concrete engineering, the Joint Committee Report 
in the future will do well to include, in an appropriate manner, something on 
the history of the manufacture of the cement. 


Morris Berman,® Assoc. M. Am. Soc. C. E. (by letter).“°*—Where con- 
crete slabs or beams frame into walls, specifications should cover not only the 
necessary reinforcement of the ends of such slabs or beams for negative moment - 
(as suggested by Section 809(c)), but should also contemplate the cracking of 
the walls through inability to resist such moment. This tendency to crack is 
to be found mainly on the upper stories, where the weight of the wall and other 
loads are insufficient to counterbalance the tension in the wall due to slab end 
moment. Cracking has been particularly noticeable at corners of building 
walls on the upper stories. Near a wall corner the flexibility of a wall, con- 
sidered as a vertical beam, is reduced by the restraint of the cross wall, resulting 
in an increased moment approaching a fixed-end condition. Elwyn E. Seelye, 
M. Am. Soe. C. E., provided special beams and columns on upper stories for the 
Queensbridge housing project in New York City, partly to resist slab end mo- 
ments, but mainly to resist thrust against walls due to temperature. If ends of 
slabs framing into walls are inadequately reinforced for negative moment, they 
may crack at the ends; conversely, if such negative reinforcement is introduced, 
the wall into which the slab frames may crack, so that the designer seems to be 
“between the devil and the deep blue sea” in either case. The introduction of 


66 New York, N. Y. 
66a Received by the Secretary March 17, 1941. 
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framing, particularly at upper-story corners, to transmit slab moments as 
mentioned, or the provision of clear space over tops of slabs where they frame 
into walls by a special detail so as to permit end deflection and thus eliminate 
end moment altogether, are two of the possible solutions of the problem. 

Referring to Section 805 of the recommendations pertaining to bending 
moments in frames, it should be noted that, ordinarily, such moments, when 
computed analytically, are obtained by methods which, although generally 
acceptable, are approximate in a degree. Thus, each story is considered as a 
separate unit, whereas moments developed in any story are actually transmitted, 
to a small degree, to adjoining stories across column points of inflection. Also, 
the effects of moving loads and the distribution of moments through torsion are 
most generally not considered in practice, although they can be by analytical 
methods already established. In addition, moments and shears due to wind 
are computed only approximately, particularly for irregularly shaped multi- 
storied structures. Scaled structural models may be used to measure these 
moments, shears, and reactions precisely (provided the models reproduce the 
proposed structure in essential detail) so as to allow for transmission of moments 
between stories, moving loads, and other factors. Thus, if it is desired to deter- 
mine the maximum unit stress in a column subjected to both direct load and 
bending due to moving loads on various floors, an influence line for reaction and 
bending in the column at any girder connection may be determined by mea- 
surements at such connection on a model. Each flange of the column should be 
considered separately for the purpose of adding positive and negative unit 
stresses due to a unit load along every girder in the bay or on the structure. 
It is proposed that moments, shears, and stresses be measured by one of the 
several mechanical devices available for such purposes. 


F,. R. McMituan,®” M. Am. Soc. C. E. (by letter).6’*@—An ideal specification ~ 
for concrete would be one in which only the requirements of the final product 
were stated. Such a specification, however, is impossible, due to the lack of 
precise definition of the qualities desired and the absence of adequate methods 
of test for completed concrete structures. Furthermore, there are so many 
factors contributing to the quality of concrete in the completed structure, 
including the important factor of workmanship (that is, the human element), 
that no engineer would have the courage to omit all reference to the various 
steps necessary in the production of concrete. 

The present state of the art is such, therefore, that concrete specifications, 
like those for some other materials, represent compromises between the ideal 
mentioned, and the opposite extreme, in which every item is covered in minute 
detail. : 

In the sections of the Joint Committee Report concerned with proportioning, 
two such compromises are offered—each representing an approach to one of the 
two extremes. In Alternate A (Sections 301-SA to 309-SA), only certain 
outside limits are specified—maximum water-cement ratio, minimum strength, 
maximum and minimum slump, maximum size of aggregate, and the rather 


67 Director of Research, Portland Cement Assn., Chicago, III. 
87a Received by the Secretary March 17, 1941. 


April, 1941 MCMILLAN ON CONCRETE AND REINFORCED CONCRETE 733 


general requirement that the concrete shall be plastic and workable. Within 
these limits, the contractor has considerable choice as to materials and mixtures. 

This specification puts the responsibility for the quality of the concrete 
squarely up to the contractor. In return, however, it gives him a maximum of 
opportunity to utilize his special skill and experience in the selection of materials 
and the design of mixtures for the greatest economy. 

Tests during the progress of the work to insure compliance with the strength 
requirement are made by the engineer at the expense of his client. These are 
based on standard laboratory procedure and laboratory control and curing in 
order to eliminate variations which might be introduced by variations in field 
curing. 

In Alternate B (Sections 301-SB to 310-8), fixed proportions are specified 
in the following terms: A definite quantity of cement per cubic yard of concrete, 
maximum water per sack of cement, the maximum size of the aggregate, range 
in the percentage of fine aggregate, and a range in slump; also, approximate 
quantities of fine and coarse aggregate per sack of cement are indicated. Under 
this specification, the quality of the concrete is squarely up to the engineer. 

Presumably on important work, the engineer will inform himself as to 
local materials, so that he can fix the proportions to give the quality desired, 
and at the same time insure to his clients the maximum possibilities as to 
economy in the available materials. It is for work of this character (largely - 
controlled work, where the engineer has the opportunity for these tests) that 
this type of specification is best adapted. 

The estimated strengths, which are to be filled in in the blanks indicated in 
Table B, are not a part of the specification; they are to be considered purely as 
information. If the strengths indicated are not achieved, it is the responsi- 
bility of the engineer to make such changes as he wants to secure the desired 
strengths; and he pays accordingly. 

If this type of specification is used for work that does not justify elaborate 
tests in advance, the engineer would use arbitrary quantities in setting up his 
table of proportions. The Report of the Committee gives tables (Tables 3 and 4) 
from which appropriate values could be selected. 

These recommendations have been criticized, but if they are carefully read 
and judiciously applied, it is believed that they will prove safe. 

Obviously, blanket recommendations of this kind must be conservative, 
and therefore they cannot be depended upon to yield the maximum economy. 

In both these alternate specifications, the principal emphasis is based upon 
the matter of workability. Deficiencies, both of over-set and too-dry mixes, 
are recognized and guarded against. In the sections of the Report covering 
ready-mixed concrete, care was taken to work them out to meet the special 
conditions encountered in this field. The curing requirements leave something 
to be desired, indicating certain reluctance on the part of the Committee to give 
full approval to some of the methods that are now commonly used. The 
Committee definitely leans toward an all-water curing. 

The use of laboratory-cured specimens instead of field specimens, as a 
means of determining the compliance of the concrete with Alternate A, will 
be easily understood if it is remembered that the requirements for proportioning 
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and curing are to be separately enforced. What happens in the field in the 
nature of unfavorable temperatures, severe drying conditions, etc., should not 
be confused with the selection of materials or the proportions to be used. The 
provisions are drawn with that in mind. 

To accompany this Alternate A in which the strength is the principal 
factor, there are clauses intended to cover cases in which the strength fails 
to meet the specified values. These represent almost the only remedies that 
could be presented. 


Merer HirscuTuat,® M. Am. Soc. C. E. (by letter).°°*—The 1940 regula- 
tions for flat slabs in the Joint Committee Report (Section 831 through Section 
850) follow those of the 1924 Report®® rather closely, as there have been few 
tests that would cause a change in analysis of flat slabs subject to uniform loads. 
The basic formula (Eq. 6) for total bending moment remains the same as in 
1924,7° giving effect to the reduction of 28% due to plate action, with the 
coefficient of 0.09 instead of the theoretical 0.125. 

The latest Report contains a frank statement that the flat-slab design therein 
contained is based on empirical methods resulting from tests and modified by 
theoretical analysis. This Report differs from the 1924 Report somewhat in 
the arrangement of the material—in the order of the paragraphs, or sections. 

There is only a slight difference in the statement of limitations for the appli- 
cation of the flat-slab design and a clarification of the design sections and the 
identification of the various panel strips. 

The provisions for the design of flat slabs at, and adjacent to, discontinuous 
edges are more specific in the present regulations than in the 1924 Report, 
where they were covered by a general statement. 

The tolerance in the use of moment coefficient is somewhat increased in the 
latest Report (from 3% to 6%). However, the greatest difference between the 
two reports is found in the provisions for slab thickness. The 1924 Report pro- 
vided a rather complicated formula for the dropped panel, or for the slab when 
no dropped panel is used,” containing terms for the diameter of the column 
capital, the span lengths of the panel in both directions, the ratio of the bending 
moment at the section in question to that of the entire bending moment, and 
the width of the band, as well as the unit load. 

When the recommended proportions for column capital diameter and width 
of band were applied to the ratio recommended for negative moment in the 
column strips, this expression resulted in a simple formula for the thickness of 
t, in terms of the span length and square root of the intensity of the uniform 
load. This had been arrived at by equating the ratio of the aforementioned 
negative bending moment (for the column strip) to the resisting moment of 
the section through the drop panel, or to the column section when no drops were 
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used, based on unit stresses of 800 lb per sq in. (2,000-lb concrete) in compression 
and 18,000 Ib per sq in. in tension for the reinforcement, which combination of 
stresses results in a resisting moment of 138 b d?. 

Instead of following the foregoing procedure, the 1940 Report permits the 
designer to select a strength of concrete determined upon by him and the 
allowable stress in the reinforcing steel suitable to the grade adopted; and, by 
selecting the proper ratio of bending moment in Table 6, he obtains a depth of 
slab to resist it. However, a modification required in the present specification 
is based on the consideration that the distribution of extreme fiber stresses 
across the wide band is not uniform, particularly for the compression side, 
resulting in a higher stress at the center of the band and curving down to a 
minimum at the ends. For that reason it is recommended that a factor of 1.2 
be applied to the depth found theoretically, resulting in a 20% greater thickness 

than that found mathematically (Eq. 7). 

In addition to this change, limiting (minimum) values are set for roof and 
floor slabs both in absolute dimensions and in the proportions of span or panel 
lengths for 2,500-lb concrete, together with provision for the modification for 
other strengths of concrete in proportion to their cube roots. 

In both regulations, attention is called to the necessity of special analysis 
for types of flat slabs or arrangement of panels not specifically covered in the 
regulations. Neither the old nor the new Report provides for the condition of 
load concentrations such as occur in railroad or highway bridges or viaducts. 
The majority opinion of the Joint Committee was that these moving loads also 
were special conditions requiring specific analysis. 

Concentrations of the character of locomotive loading are, of necessity, 
not subject to distribution among the panels of flat-slab construction in a 
manner similar to ordinary uniform loads (or individual concentrations) to 
produce maximum positive and maximum negative moments for continuous 
structures. Such conditions of loading involve unloaded panels that cannot 
obtain in the case of a locomotive, tender, and trainload. A design for this type 
of loading involves conditions of locomotive and tender with, and without, train 
attached for the various positions, so located as to result in maximum moments 
at the sections required. Even when such resulting moments are resolved into 
equivalent uniform loads, these loads may not be arranged so as to result in 
unloaded panels in the desired locations for ordinary uniform loads on con- 
tinuous spans. When the panels with their columns are treated as rigid frames, 
the various conditions of loading would still apply. 

“A detailed discussion of the treatment of locomotive loadings in flat-slab 
design, and the actual application of such designs in practice, have been 
presented elsewhere by the writer.” 

Attention is called also to the provision in the 1940 Report for beams with 
girders framing into columns in interior panels of flat-slab design for special 
loads. At times there are concentrated loads on a flat-slab structure that 
require a greater depth of member for transmitting the load to the column than 
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the slab will give. It is then necessary to insert a bea a ‘anaie 
of the beam to girders, which in turn transfer it to the columns. — The C 
mittee thought it advisable, in cases of that character, to frame the coma 
panel by girders to make more certain of the transfer in stress and monet 


ferred beyond. 


